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ABSTRACT:  This  book  is  a  monograph  devoted  to  one  of  the 
important  questions  of  modern  aviation  and  rocket  techniques  - 
the  theory  of  the  working  process  taking  1  lace  in  the 
combustion  chambers  of  air-jet  engines.  The  book  deals  in 
detail  with  the  working  process  of  combustion  chambers  of 
straight-flow  air-jet  engines.  Various  questions  treated  in 
the  book  refer  to  combustion  chambers  ol  turbo-jet  engines  and 
to  boiler  furnaces.  This  book  is  one  of  Ehe  first  scientific 
monographs  on  this  question  in  the  USSR.  The  book  consists 
of  nine  chapters  in  which  the  most  important  questions  of  the 
physical  principles  and  the  calculation  of  the  working 
process  of  the  combustion  chambers  are  elaborated.  Tn  the 
brief  introduction  a  schematic  description  of  the  working 
process  is  given  for  a  simplified  combustion  chamber  of  a 
straight -flow  engine.  Chapter  1  is  devoted  to  the  general 
thermodynamic  analysis  of  the  combustion  chamber.  Here  we 
must  bear  in  mind  the  consideration  of  quest  ions  of  the  supply 
of  heat  to  a  moving  gas  in  tidies  of  constant  and  variable 
cross  section,  the  analysis  of  the  effect,  of  the  various 
parameters  on  the  characteristics  of  the  combustion  chamber, 
the  calculation  of  the  temperature  and  romy  osi tion  of  the 
products  of  combustion,  and  questions  of  t  lie  hydraulic 
resistance  of  the  straight-f low  chamber  and  its  elements.  In 
Chapter  2,  which  takes  up  121  pages  of  text ,  authors  consider 
questions  of  the  preparation  of  the  combustion  mixture 
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(questions  of  forming  a  mixture).  Unlike  the  first  chapter, 
the  material  of  Chapter  2,  which  is  richer  in  content,  is 
based  to  a  large  extent  on  the  work  of  Soviet  researchers,  in 
particular  on  the  investigations  of  the  authors  themselves. 

After  a  general  analysis  of  the  processes  of  forming  the 
mixture,  the  elementary  processes  are  considered  which 
constitute  the  process  of  mixing  in  chambers  into  which  the 
fuel  is  fed  in  liquid  form  and  is  atomized  in  a  stream  of 
air.  In  the  analysis  of  the  processes  of  atomization  of  the 
liquid,  a  general  physical  picture  is  given  of  the  breakdown 
processes  of  films  and  drops,  and  quantitative  characteristics 
of  these  processes  are  quoted  (criterial  formulas, 
distribution  curves  of  the  drops  with  respect  to  size). 
Unfortunately  there  are  no  data  for  jet  injectors,  for  which 
only  the  theory  of  deformation  of  a  jet  injected  into  the 
flow  at  some  angle  is  developed.  The  material  on  an 
atomization  torch  in  a  supersonic  flow  of  air  is  of  especial 
interest.  At  the  end  of  the  chapter,  some  material  is  cited 
on  the  distribution  of  the  liquid  phase  of  fuel  in  the 
airstream,  and  also  on  questions  of  the  vaporization  of  drops 
and  clusters  of  drops.  In  Chapter  3  a  beginning  is  made  on 
the  consideration  of  the  processes  of  ignition  and  combustion. 

In  this  chapter  are  studied  forced  ignitions  and  the  combustion 
of  homogeneous  mixtures,  i.e.  this  chapter  is  a  preparation 
for  the  study  of  subsequent  material.  The  size  of  the  chapter, 
evidently,  is  not  very  large  (34  pp),  since  the  material  is, 
generally  speaking,  known  from  other  sources.  In  Chapter  4, 
which  is  also  of  a  preparatory  nature,  questions  of  the 
turbulence  of  flows  of  air  are  studied.  In  spite  of  the  fact 
that  the  material  of  this  chapter  is,  generally  speaking, 
known  from  other  sources,  the  analysis  in  the  chapter  is 
sufficiently  clear  and  at  a  modern  level.  Data  are  cited 
which  relate  directly  to  the  elements  of  the  working  process 
taking  place  in  the  combustion  chamber  (turbulence  of  a  flow 
beyond  cascades,  turbulence  in  the  case  of  deformation  of  the 
flow,  etc).  Chapter  5  gives  further  material  on  the  combustion 
of  homogeneous  mixtures  in  a  turbulent  flow.  These  occupy  a 
good  deal  of  space  (90  pp).  Here  authors  consider  existing 
theories  of  turbulent  combustion  and  also  the  experimental 
data  of  many  researchers.  The  treatment  of  turbulent 
combustion  proposed  by  the  authors  occupies  a  good  deal  of 
space  (analysis  of  the  one-dimensional  combustion  zone,  of  a 
turbulent  torch  in °an  open  channel  and  in  a  tube,  analysis 
of  the  statistical  distribution  of  the  scales  of  temperature, 
nonhomogeneities  in  the  macrozone).  A  separate  paragraph 
contains  a  consideration  of  the  hydrodynamic  peculiarities  of 
turbulent  combustion  in  the  wake  behind  a  stabilizer.  In 
the  last  paragraph,  data  are  given  on  the  dependence  of  the 
velocity  of  turbulent  combustion  on  various  parameters.  In 
Chapter  6,  which  is  small  in  bulk  but  important  in  significance. 
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authors  consider  questions  of  vibrational  combustion  in  the 
chambers  of  air- jet  engines.  Here  the  general  physical 
mechanism  of  the  phenomenon  is  explained,  and  a  scheme  is 
given  for  the  theoretical  analysis.  The  possible  special 
feedback  mechanisms  are  calculated.  At  the  end  of  the 
chapter  there  are  some  general  recommendations  about  how  to 
overcome  vibrational  combustion.  In  Chapter  7,  they  consider 
the  stabilization  of  a  flame  in  a  flow  of  fuel  mixture. 

After, studying  the  effect  of  the  form  of  the  stabilizer  on 
the  parameters  of  the  wake,  authors  proceed  to  analyze  the 
effecr\of  the  various  parameters  on  the  characteristics  of 
stable  bctabustion.  At  the  end  of  the  chapter  the  theory  and 
calculation  of  the  stabilization  of  a  flame  by  a  poorly 
streamlined  body  is  given.  Chapter  8  is  devoted  to  questions 
of  the  combustion  of  a  mixture  in  the  wake  behind  a  stabilizer. 
First  of  all  the  combustion  in  the  wake  of  a  homogeneous 
mixture  is  studied,  taking  into  account  the  effect  of  the  walls 
of  the  tube.  The  effect  of  the  two-phase  nature  on  the 
characteristics  of  combustion  is  then  demonstrated.  Finally, 
some  material  is  given  on  the  generalization  of  the  data  of 
the  investigation  of  combustion  in  the  wake  behind  a 
stabilizer.  In  Chapter  9  (the  final  chapter),  the  authors 
deal  with  questions  of  the  cooling  of  the  combustion  chamber 
walls  and  of  the  nozzle  of  straight-flow  air- jet  engines.  Some 
different  methods  of  the  air-cooling  of  combustion  chambers 
are  given,  and  formulas  for  calculating  the  external  cooling 
of  the  walls  are  cited.  The  calculation  of  barrage  and 
combined  cooling  is  treated  in  fairly  extensive  detail.  The 
limits  of  applicability  of  the  air-cooling  of  the  combustion 
chamber  and  the  nozzle  are  Indicated.  At  the  end  of  each 
chapter  there  is  a  bibliography  of  the  questions  dealt  with. 

The  book  contains  a  number  of  misprints,  including  some  in 
the  formulas.  English  translation;  490  pages. 
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In  this  book  there  are  expounded  the  physical  principles 
of  fuel  combustion  processes  in  air  flows  and  methods  of  cal¬ 
culation  of  combustion  chambers  of  jet  engines. 

r  ,  - 

There  are  considered  thermodynamic  and  aerodynamic  char¬ 
acteristics  of  combustion  chambers,  processes  of  atomization 
and  carburetion  of  fuels,  ignition  and  combustion  of  gas  mix¬ 
tures  in  laminar  and  turbulent  flows,  methods  of  flame  sta¬ 
bilization,  vibrational  combustion,  combustion  in  the  wake 
behind  a  bluff  body,  processes  of  heat  exchange  and  thermal 
protection  of  chambers..  * 

This  book  is  intended  for  scientists  and  engineers  in 
aviation,  as  well  as  nonaviation  specialists;  furthermore, 
it  will  be  useful  for  students  of  technical  colleges. 


PREFACE 

In  this  book  there  are  presented  the  physical  principles  of  the  working  process 
of  straight-through-flow  combustion  chambers. 

In  Chapter  I  there  are  considered  certain  questions  of  thermodynamics  of  com¬ 
bustion  chambers.  There  is  given  a  qualitative  analysis  of  ideal  and  real  thermo¬ 
dynamic  cycles  of  an  air-breathing  jet  engine.  There  is  shown  the  influence  of 
pressure  and  flow  velocity  in  the  combustion  chamber  and  of  hydraulic  losses  on  the 
degree  of  conversion  of  heat  fed  into  the  chamber  into  effective  work  of  the  cycle 
(i.e.,  thermal  efficiency  of  the  cycle).  There  is  given  a  method  of  approximate 
calculation  of  flow  friction  of  the  combustion  chamber.  In  this  same  chapter,  there 
is  briefly  discussed  the  known  method  of  calculation  of  specific  pressure  losses 
caused  by  heat  addition  to  a  moving  gas. 

In  Chapter  II  there  are  given  criterial  dependences  for  determination  of  the 
spectrum  of  atomization  of  fuel  by  swirl  injectors,  which  were  obtained  on  the  basis 
of  generalization  of  a  large  number  of  experimental  data  on  atomization  of  liquids, 
the  results  of  theoretical  and  experimental  investigation  of  the  motion  of  a  liquid 
during  its  atomization  into  the  flow  of  a  direct-spray  injector.  There  are  presented 
certain  experimental  materials  on  atomization  of  liquid  in  a  supersonic  flow.  There 
are  given  new  materials  on  the  distribution  of  vapor  and  liquid  phases  of  fuel,  on 
the  influence  of  deformation  of  drops  on  the  trajectory  of  their  motion,  on  disper¬ 
sion  drops  on  area  of  section  of  fuel  on  the  influence  of  preheating  of  fuel  on  the 
character  of  its  distribution  in  the  flow. 

In  Cl i-3 j  ter  III  there  are  assembled  the  most  interesting  for  practice  experi¬ 
mental  materials  on  ignition  and  laminar  burning  of  homogeneous  mixtures  in  reference 
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to  straight-through-flow  combustion  chambers.  These  materials  are  especially  impor¬ 
tant,  since  in  works  having  an  applied  character,  the  physical  essence  of  the  in¬ 
fluence  of  turbulence  on  the  above  mentioned  processes  still  has  not  been  considered. 

Chapter  IV  is  dedicated  to  fundamentals  of  the  statistical  theory  of  turbulence. 
Experimental  material  in  this  chapter  is  selected  in  reference  to  conditions  of 
operation  of  a  straight-through-flow  combustion  chamber. 

In  Chapter  V  there  are  considered  processes  of  turbulent  combustion  of  homo¬ 
geneous  mixtures.  Until  recently,  in  the  technical  literature  there  could  not  be 
found  a  clear  account  of  a  model  of  the  process  of  turbulent  combustion.  The  ex¬ 
perimental  investigation  of  N.  V.  Kokushkin  and  other  investigators  made  it  possible 
to  deepen  our  concepts  of  the  mechanism  of  turbulent  burning,  and  at  the  same  time 
confirmed  the  accuracy  of  the  known  model  of  surface  combustion.  On  the  basis  of 
this  model,  it  was  possible  to  simplify  hydrodynamic  equations  of  flow  in  which 
burning  occurs,  and  to  solve  them  for  a  series  of  simple  cases:  for  a  turbulent 
flame  Jet  after  burners  in  open  flow,  after  a  linear  burner  in  a  pipe,  and  so  forth. 
Analysis  and  generalization  of  extensive  experimental  material  on  the  basis  of  the 
given  theory  show  that  burning  is  basically  influenced  by  turbulent  characteristics 
of  the  fresh  mixture. 

Fundamentals  of  the  theory  of  vibrational  combustion  are  presented  in  Chapter  VI 
Such  burning  is  characterized  by  powerful  regular  oscillations  of  pressure  and  flow 
rate,  which  not  infrequently  lead  to  damage  of  the  combustion  chamber,  strong  vibra¬ 
tions  of  the  construction  and  other  undesirable  phenomena  (incomplete  burning  of 
fuel,  etc.). 

In  distinction  from  the  conventional  theory  of  vibrational  burning,  which  con¬ 
sists  of  composition  of  equations  of  acoustics  taking  into  account  boundary  condi¬ 
tions,  the  authors  applied  the  energy  method,  which  made  it  possible  to  obtain  all 
basic  conclusions  by  use  of  a  very  simple  mathematical  apparatus. 

Results  obtained  by  this  method  at  the  same  time  permit  us  to  give  certain 
recommendations  on  methods  of  suppression  of  vibrational  burning. 

In  Chapter  VII  there  are  considered  hydrodynamics  of  flow  in  the  wake  after  a 
bluff  body  and  conditions  of  stability  of  burning  in  dependence  on  dimensions  and 
relative  location  of  stabilizers.  In  this  chapter  there  is  described  a  method  of 
calculation  of  a  stabilizer  for  assigned  parameters  of  the  fuel  mixture. 

Results  of  experimental  investigations  of  burning  of  homogeneous  and 
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heterogeneous  mixtures  in  the  wake  after  a  single  stabiliser  and  an  array  of  sta- 
bill /ers  are  discussed  in  Chapter  VIII.  In  it  there  are  given  basic  features  of 
the  process  of  burning  and  its  dependence  on  physicochemical  characteristics  of  the 
fuel  mixture,  dimensions,  geometric:  shape  and  relative  location  of  stabilizers. 

The  last  chapter  is  dedicated  to  one  of  the  important  problems  —  to  the  problem 
of  thermal  protection  of  a  combustion  chamber,  on  the  successful  solution  of  which 
the  possibility  of  creation  of  a  high-speed  engine  to  a  considerable  degree  depends. 
The  authors  describe  diverse  variants  of  the  simplest  (structurally)  methods  of  air 
cooling  (convection,  barrage,  combined)  and  consider  the  influence  of  radiation 
from  combustion  products  on  temperature  of  the  chamber  walls. 

During  writing  of  this  book,  the  authors  widely  used  Soviet  and  foreign  litera¬ 
ture.  Examples  of  calculations  given  in  the  book  are  based  on  hypothetical  data. 

Chapters  of  book  are  written  by:  I,  VII,  VIII  —  I.  V.  Bespalov;  II  (§  1-8)  — 

M.  S.  Volynskiy;  II  (§  8-18)  -  S.  A.  Belyy;  III,  IV,  V  -  A.  0.  Prudnikov;  VI  - 
B.  V.  Raushenbakh;  IX  —  V.  Ya.  Borodachev. 

The  authors  are  grateful  to  Corresponding  Member  of  the  Academy  of  Sciences  of 
the  USSR  L.  N.  Khitrin  for  a  series  of  useful  suggestions  on  the  contents  of  this 
monograph. 

The  authors  also  express  gratitude  to  Comrades  V.  F.  Dunskiy,  A.  M.  ilubertov, 

V.  M.  lyevlev,  K.  I.  Svetushkin,  I.  M.  Kuptsov  and  V.  Ya.  Pereverzev  for  their  help 
rendered  during  writing  of  this  book. 

All  remarks  and  wishes  concerning  the  contents  of  this  book  should  be  directed 
to  the  address:  Moscow,  1-51,  Petrovka,  ?4,  "Machine  Building"  Publishing  House. 
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SYMBOLS  AND  DESIGNATIONS 
1 .  DIMENSIONLESS  NUMBERS 


—  coefficient  of  friction; 

—  drag  coefficient; 

—  lift  coefficient; 

—  thrust  coefficient; 

—  Mach  number; 

—  Nusselt  number; 

—  diffusion  Nusselt  number; 

—  Prandtl  number; 

—  diffusion  Prandtl  number; 

—  probability  of  appearance  of  fresh  mixture  at  point  x; 

—  probability  of  appearance  of  combustion  products  at  point  x; 

—  Lagrange  correlation  coefficient; 

—  Reynolds  number; 

—  Stanton  number; 

—  volume  fraction  of  drops  in  atomization  spectrum  with  diameter 
less  than  a; 

—  volume  fraction  of  drops  In  the  spectrum  with  diameter  a; 

—  degree  of  vaporization  of  liquid; 

—  dimensionless  concentration  of  fuel  vapors; 

—  on  surface  of  drop; 

—  in  the  surrounding  medium; 

—  relative  area;  f  —  in  nozzle  throat; 

—  at  nozzle  edge;  —  stream  of  air  in  front  of  uhc  engine  (at 

infinity) ; 
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q^,  ri  —  weight,  volume  component  of  i-th  gas  In  a  mixture; 
q(X),  z(X)  —  gas-dynamic  function  for  determination  of  flow  rate,  momentum; 
m  —  ratio  of  velocities  of  mixing  flows; 
k  —  adiabatic  coefficient; 
n  —  polytropic  coefficient; 
p(x)  —  frequency  distribution  function; 

t]z  —  completeness  of  burning;  q  —  softening  coefficient  of  inlet; 
q^^  —  chemical  completeness  of  burning;  qQ  —  total  efficiency  of  engine; 
qe  —  effective  efficiency  of  engine; 

X  —  reduced  velocity;  thermal  conductivity  coefficient; 

u  —  discharge  coefficient  of  injector;  coefficient  of  dynamic 
viscosity; 

e  —  intensity  of  turbulence  of  flow  (in  $);  degree  of  blackness; 

C  —  temperature  recovery  factor; 
i  —  coefficient  flow  friction  of  the  chamber; 
o  —  pressure  recovery  factor. 


2.  GEOMETRIC  DIMENSIONS  IN  m,  TIME  IN  sec 

D  —  diameter  of  pipe; 

D  —  equivalent  diameter; 

OKB 

D  —  throat  diameter  of  nozzle; 

Kp 

2 

F  —  area  in  m  ; 

L  —  length  of  plate,  coordinate  of  drop  in  relative  motion  (see 
Chapter  III); 

YQ  —  characteristic  width  of  the  zone  of  molecular  mixing  of  two 


chemically  inactive  media; 


Yt  —  character^ tic  width  of  zone  of  turbulent  mixing  of  two  chemically 
1  inactive  media; 

a  —  diameter  of  drop;  aQ  —  initial;  aM  —  median  diameter  in  atomiza¬ 
tion  spectrum;  coefficient  of  thermal  diffusivity; 

b  —  width  of  zone  of  turbulent  mixing; 

h  —  height  of  cooling  channel; 

l  —  length  of  pipe,  heat  of  evaporation  of  liquid; 

—  Euler  scale  of  turbulence; 

—  Lagrange  scale  of  turbulence; 

r  —  radius  of  nozzle; 
c 

x,  y,  ::  —  coordinates  in  orthogonal  system; 
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6  —  thickness  of  hydrodynamic  boundary  layer; 

e  —  thickness  of  vortex  sheet  of  liquid  flowing  from  injector; 

oQ  —  characteristic  width  of  burning  front  during  turbulent  mixing 
of  two  chemically  active  media; 

oQ  —  characteristic  width  of  laminar  flame  front; 

o  —  characteristic  width  of  zone  of  turbulent  burning  (zone  of 
T  mixing  of  two  chemically  active  media); 

$  —  momentum  thickness; 

a  —  half  of  atomization  angle  of  injector; 

0  —  angle  at  vertex  of  stabilizer; 

yQ  —  angle  of  slope  of  relative  velocity  of  blowoff  of  drops  to 
axis  Ox; 

Tg  —  Euler  time  scale; 

TL  —  Lagrange  time  scale; 

t  —  time,  degree  of  preheating  of  working  substance  (air). 

3.  PARAMETERS  OF  WORKING  SUBSTANCE 
G  —  flow  rate  of  gas  in  kg/sec; 

Gt  —  fuel  flow  rate  through  injector  in  kg/sec; 

Q  —  heat  flux  in  kcal/sec; 

L0tt  work  of  adiabatic  expansion  of  gases  in  the  nozzle  in  kg-m; 
aAt  p 

L  —  work  of  adiabatic  compression  in  kg-m; 

afl,  ck 

Lg  —  effective  work  of  cycle  in  kg-m; 

Lt  —  network  of  cycle  in  kg-m; 

J  —  specific  impulse  of  engine  in  sec; 

T  —  absolute  temperature  in  °K; 

Tq  —  stagnation  temperature  in  °K; 

Tw  —  wall  temperature  in  °K; 

Tg  —  equilibrium  temperature  in  °K; 

T^  —  temperature  at  nozzle  exit  in  °K; 

T2  —  temperature  of  wake  in  °K; 

U,  V  —  speed  of  flight  in  m/sec; 
a  —  speed  of  sound  in  m/sec; 
a  —  speed  of  sound  in  ‘  -oat  in  ny'sec; 
c  —  mass  concentration  in  kg/m^; 

p 

(ij.  —  specific  flow  of  fuel  in  g/cm  *sec;  cm  —  specific  flow  of 
liquid  phase;  cn  -  specific  flow  of  vaporized  fuel; 
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q  —  impact  pressure  in  kg/m2; 

o 

p  —  static  pressure  in  kg/m  ; 

2 

p0  —  stagnation  pressure  in  kg/m  ; 

2 

—  fuel  feed  pressure  in  kg/m  ; 

2 

—  saturated  vapor  pressure  of  fuel  in  kg/m  ; 

t  —  temperature  of  drop  in  °C;  tQ  —  initial;  —  equilibrium 

vaporization  temperature  of  drop;  t  —  air  temperature; 

B 

u  —  component  of  flow  velocity  along  the  axis  Ox;  air  velocity 
relative  to  the  drop  in  n/sec; 

u^  —  velocity  of  main  flow  in  n/sec; 

u2  —  speed  of  barrage  flow  in  m/sec; 

w  —  flow  velocity  in  m/sec; 

w'  —  pulsational  flow  velocity  in  n/sec; 

v  —  velocity  of  drop  in  n/sec; 

a  —  heat  transfer  coefficient  in  kcal/m  *hr*deg; 

P  —  coefficient  of  mass  transfer  in  m/sec; 

•t  —  coefficient  of  friction  in  kg/m2. 

4.  PHYSICAL  PROPERTIES  OF  MATERIALS 
A  —  thermal  equivalent  of  work  (426.4  kg-n/kcal); 

O 

D  —  coefficient  of  molecular  diffusion  in  m  /sec; 

O 

D  —  coefficient  of  turbulent  diffusion  in  m£/sec; 

T 

p 

—  coefficient  of  accelerated  molecular  diffusion  in  m  /sec; 

II, T 

E  —  heat  of  reaction  In  kcal/kg *mole ; 
gp  —  heat  of  formation  in  kcal/kg.mole; 

Hu  —  calorific  value  of  fuel  (lowest)  in  kcal/kg; 

Hj  —  highest  calorific  value  of  fuel  in  kcal/kg; 

Lq  —  stoichiometric  coefficient,  theoretically  the  quantity  of  air 
necessary  for  burning  1  kg  of  fuel; 

a  —  coefficient  of  thermal  diffusivity  in  m2/hr; 

c{j  —  heat  capacity  of  gas  at  constant  pressure  in  kcal/kg *deg; 

2 

g  —  gravitational  constant  (9.81  m/sec  ); 
i  —  enthalpy  in  kcal/kg; 
s  —  entropy  In  kcal/kg’deg; 
l  —  heat  of  vapori  ation  in  kcal/kg; 
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7  —  specific  gravity  in  kg/m?; 

o 

M-  —  dynamic  coefficient  of  viscosity  in  kg*sec/m  j 
v  —  kinematic  coefficient  of  viscosity  in  m  /Bee; 
e  —  degree  of  blackness; 
p  —  density  in  kg* sec  /m  ; 

X  —  coefficient  of  thermal  conductivity  in  kcal/m*hr*deg; 
a  —  coefficient  of  surface  tension  of  liquid  in  kg/m; 

$  —  heating  efficiency  of  a  hot  mixture  in  kcal/kg, 

5.  SUBSCRIPTS 

B  -  air; 
up  —  critical; 

X  —  liquid; 
n  —  vapor; 

T  —  fuel,  turbulent ly; 
p  —  equilibrium; 

H  —  normal; 
jl  —  laminar; 

0  —  initial  value; 
r  —  (products  of)  combustion;* 
x  —  cold  (fresh)  mixture;* 
r  —  deformed. 


certain  chapters,  instead  of  subscripts  "x "  and  "r"  there  are  used  respec- 
mbscripts  "l"  and  "2." 
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INTRODUCTION 


In  spite  of  the  structural  variety  of  combustion  chambers,  processes  occurring 
in  them  have  many  common  features  and  frequently  obey  the  same  laws.  Therefore, 
the  authors  limited  their  account  to  investigations  of  one  of  the  simplest  chambers. 
This  monograph  is  dedicated  to  the  study  of  physics  of  processes  in  combustion 
chambers  of  ramjet  engines. 

A  number  of  elementary  processes  common  to  many  chambers  occur  in  the  ramjet 
chamber  under  relatively  simple  conditions,  which  allows  us  to  conduct  necessary 
observations  and  measurements.  These  processes  (carburetion,  flame  stabilization, 
etc.)  in  chambers  of  turbojet  engines  with  swirling  flow  are  more  complicated  and 
difficult  to  observe. 

It  is  necessary  to  note  that  the  method  and  many  results  of  investigations  of 
these  processes  in  ramjet  chambers  can  be  applied  in  industrial  boiler  installations 
and  furnaces,  in  internal-combustion  engines,  apparatuses  of  chemical  technology, 
etc.  At  present,  considerable  attention  is  allotted  in  the  power  and  fuel  industry 
of  our  country  to  combustion  processes  of  petroleum,  black  oil  and  natural  gas.  Duo 
to  this,  there  appears  the  necessity  of  rational  organization  of  the  process  of 
combustion  of  gas  in  boiler  furnaces  of  thermoelectric  power  stations,  of  achievement 
of  stability  of  the  burning  process,  carburetion  and  several  other  processes. 

From  the  history  of  development  of  many  branches  of  technology,  it  is  known 
that  at  the  initial  stage  of  their  development  theory  insufficiently  reinforces  the 
rapidly  developing  practical  activity  of  the  designer.  In  the  beginning  designers 
developing  new  systems  can  use  an  idea  only  in  its  most  general  thermodynamic  or 
aerodynamic  formulation.  Concrete  development,  for  instance  of  a  system  of  organi  a- 
tlon  of  combustion  in  the  chamber,  estimate  of  its  main  dimensions,  etc.,  is  conducted 
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with  the  help  of  so-called  "general  physical  cvnci'i  L: 

Now  the  requirement  of  high  efficiency ,  art  I  also  u.'.e  of  rn  t  1  ana  I  mid  fort 
methods  of  creation  of  combustion  chambers  has  advanced  to  "irst  place.  This  poser, 
the  problem  of  deeper  study  of  physics  of  the  working  process.  Results  of  efforts 
of  numerous  investigations  permit  us  to  f  rocre  I  to  creation  of  a  scientifically 
proven  method  of  development  of  chamber."  an  I  :erlrn  of  its  elements,  source  of  igni¬ 
tion,  stabilizers,  cooling  system,  etc. 

The  authors  have  tried  to  describe  the  working  process  of  preparation  and  com¬ 
bustion  of  fuel  on  the  whole,  and  to  breakdown  into  separate  elementary  processes 
according  to  their  internal  nature.  Where  i  ossible  and  expedient,  they  have  con¬ 
structed  a  graphic  model  of  the  |  henomenon  arm  given  theoretical  or  experimental 
dependences  determining  its  basic  parameters.  These  leperidenees  serve  as  the  founda¬ 
tion  of  the  method  or  system  of  methods  of  a [ proximate  calculation  of  elementary 
processes . 


We  will  briefly  consider  stages  of  the  working  |  rocess  in  a  chamber  of  straight- 
flow-through  type  (see  the  diagram).  Thus  for  clarity  W'  will  follow  along  the  chain 
of  interconnected  elementary  processes,  occurring  in  1  he  flow  of  air  from  the  Inlet 
section  of  the  chamber  to  its  outlet,  immediately  let  us  note  that,  such  a  sequence 
is  more  methodological  than  space-time.  In  reality  sej  a  rate  | rocesses  overlai  one 
another  and  flow  simultaneously. 
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The  initial  process  which  is  developed  in  the  Inlet  section  of  the  chamber  is 
carburet  Ion.  Its  purpose  is  to  create  a  fuel  mixture  with  appropriate  distribution 
of  liquid  and  vapor  phases  over  the  cross  section  of  the  chamber.  For  this  purpose 
there  is  usually  used  a  system  of  collectors  with  swirler  or  direct-spray  injectors, 
which  atomise  the  liquid  fuel  in  the  air  flow  and  create  a  set  of  mutually  inter¬ 
secting  flames. 

Droi  s  entrained  in  the  flow  should  insofar  as  possible  be  uniformly  distributed 
over  the  t?,iven  volume  of  the  chamber  (sometimes  it  is  attempted  to  create  higher 
enrichment  or  impoverishment  of  fuel  of  individual  zones  of  the  flow) .  Processes 
of  carburetion  are  developed  in  the  "cold"  section  of  the  chamber,  which  has  an 
extent  of  100-600  mm  (for  various  systems  of  organization  of  combustion).  The  time 
the  mixture  remains  in  the  "cold"  section  usually  is  small  (5-20  msec)  and  insuffi- 
cinet  for  com|  letion  of  full  vaporization  of  the  drops  and  mixing  of  fuel  with  air. 

Further  on  the  two-phase  mixture  enters  the  zone  of  ignition  and  stabilization, 
whore  carburetion  and  burning  flow  in  parallel.  Here  the  mixture  is  ignited  by  an 
electrical  spark  in  a  special  device  —  a  precombustion  chamber,  and  the  appearing 
flame  front  is  held  in  a  stea  iy  state  with  the  help  of  stabilizers  [flame-holders] 
(see  the  diagram).  Hence  there  begins  the  "hot"  section  of  the  chamber. 

The  precombustion  chamber  is  a  miniature  cylindrical  or  annular  chamber  with  ? 
"pinched"  inlet,  which  creates  inside  its  vortex  flow  with  low  velocities  (10  to 
15  in/sec).  This  ensures  inside  the  precombustion  chamber  favorable  conditions  for 
ignition  and  burning  of  the  mixture  with  high  completeness  and  a  stable  "pilot  flame 
at  its  outlet  independently  of  variation  of  parameters  of  the  basic  flow  in  the 
chamber . 

The  fuel  mixture  moves  along  the  chamber  with  sufficiently  high  speed  (60  to 
000  m/sec).  For  stabilization  of  the  flame  front  with  respect  to  walls  of  the  cham¬ 
ber  it  is  necessary  to  satisfy  a  series  of  conditions  which  have  an  aerodynamic  and 
thermal  nature  and  basically  reduce  to  observarifce  of  equality  between  velocity  of 
flame  |  ropagation  and  the  component  of  velocity  of  the  incident  flow  along  the 
normal  t.o  the  flame  front. 

For  creation  of  these  conditions  there  are  applied  stabilizers,  which  consist, 
of  a  body  of  bluff  form  (cone,  ring  with  V-shaped  radial  cross  section,  etc.),  in 
the  stern  region  of  the  stabilizer  there  appears  a  vortex  zone  with  counter  currents 
The  fuel  mixture  entering  this  zone  is  ignited  by  the  precombustion  chamber  flame, 


burns  with  high  completeness ,  'ml  ■  •lurilui:'  t,  1  on  |  relucts  Ignite  the  mixture  m'l.'i'  the 
nparprt  stall  1 11  er.  Thus  there  a  tv*  •  r  "  t  i  ■ '  i  •  on-l  1 1 1  on/  I'or  stabill  at  Jon  oi'  the  flame 
front  over  the  entire  cross  section  of  t he  ehaml  or. 

Fresh  fuel  mixture  passing  through  the  flame  front  ignites,  but  does  not  com¬ 
pletely  bum  it;  the  extent  of  the  combustion  one  after  the  front  can  be  conslder- 
able .  Individual  conduction  mi"."  of  separate  s tab  111  ere  (which  are  echeloned  In 
the  chamber)  overlaj  ,  forming  a  common  combustion  mono,  where  combustion  of  the  fuel 
is  completed.  In  the  "hot"  section  of  the  chumier  i  roc  esses  of  eartmrotion  (vapor¬ 
isation  and  mixing)  of  vaporl  ed  fuel  with  air,  chemical  combustion  reactions,  and 
turbulent  diffusion  and  mixing  of  fuel  mixture  with  combustion  products  occur  in 
complicated  interaction. 

The  presence  of  very  high  temperature  of  combustion  products  leads  to  the 
necessity  of  creation  of  systems  of  thermal  protection  and  cooling  of  elements  of 
the  engine.  These  systems  must  |  rovl b>  neat  >  «>s.  1st  •••nee  an  I  t.herma  L  stability  of  the 
construction  during  the  entire  time  of  operation  of  the  engine. 

With  air  cooling,  jart  of  the  air  not.  nartl  c  l  f  a  t  ing  in  burning  is  used  for 
cooling  of  tiie  combustion  elmmi.  r  ml  no...  Le .  Air  coolant  is  removed  info  the 
external  loop  of  the  chamber,  and  then  through  slots  flows  Into  the  combustion  cham¬ 
ber,  forming  an  air  curtain  between  combustion  ;  rod nets  and  chamber  walls.  Thus, 
the  stagnation  temperature  of  air  ns.  I  for  cooling  should  be  less  than  the  maximum 
permissible  temperature  of  1. 1 . ■  •  material  which  are  basic  element:;  of  the  engine  are 
ma  I  e . 

iiuch  basically  Is  the  sivision  of  i  he  working  process  in  the  chamber  info  .  la¬ 
ments  .  According  to  this  a  rt  i  t.  *  ry  1 1  vision,  I  h  '  materia  l  of  the  followin''  chapters 
is  j  resented . 


CHAPTER  I 

CERTAIN  PROBLEMS  OF  THERMODYNAMICS  OF  THE  COMBUSTION  CHAMBER 

§  1.  THERMODYNAMIC  CYCLE  OF  A  RAMJET  ENGINE 
The  complexity  of  working  process  in  an  air-breathing  Jet  engine  (BPfl)  hampers 
its  general  analysis  with  tne  help  of  the  usual  equations  and  formulas  of  engineering 
thermodynamics.  For  analysis  and  graphic  description  of  the  most  important  factors 
determining  the  basic  quality  indices  of  the  cycle  of  an  air-breathing  jet  engine, 
there  is  usually  considered  the  thermodynamic  cycle  of  an  ideal  engine. 

By  an  ideal  air-breathing  engine  there  is  understood  an  engine  in  which  internal 
losses  are  absent;  the  working  substance  is  air;  heat  capacity  of  air  is  constant, 
i.e.,  does  not  depend  on  temperature;  the  flow  is  completely  decelerated  in  the 
diffuser  and  completely  expanded  in  the  exit  nozzle. 

Thus,  the  ideal  cycle  consists  of  a  simplified  (arbitrary)  scheme  of  combination 
of  real  processes  occurring  in  a  real  engine.  All  parameters  of  the  working  sub¬ 
stance  determining  the  operation  of  the  engine  cycle  take  limiting  values  in  the 

in  the  ideal,  and  the  degree  of  approximation  of  param¬ 
eters  of  a  real  engine  to  them  characterizes  the  degree 
of  perfection  of  the  real  engine. 

As  an  example  we  will  consider  the  thermodynamic- 
cycle  of  a  ramjet  engine  (nBPfl).  At  the  basis  of  the 
working  process  of  a  ramjet  engine  there  lies  an  ideal 
thermodynamic  cycle  with  adiabatic  compression  and  ex¬ 
pansion  of  air  and  heat  additon  at  constant  pressure. 

Variation  of  parameters  of  the  gas  along  the  length 
of  the  ideal  ramjet  engine  is  shown  in  Fig.  1.1.  Change 


Fig.  1.1.  Variation  of 
parameters  of  gas  along 
the  length  of  a  ramjet 
engine . 
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Fit-'.  1.2.  Ideal  gat;  cycle  of  a  run- 
Jet  engine  during  nonshock  com;  ivs- 
s Ion  uf  air. 
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correct  ondr.  to  adiabatic  conifu  oar.  Ion  of 
air  in  the  diffuser;  line  ?-5  corresponds 
to  henf  addition  in  the  combustion  chamber; 
Line  Vi  corresponds  to  the  process  uf  ex¬ 
pansion  of  ear.  In  the  no’slo;  the  isobar 


of  heat  removal  VO  represent;  •  u.  arl  i'rary  |  roce.  v/hicli  closer  the  cycle;  In 
reality  it  occurs  outside  the  engine. 

The  total  work  of  expansion  of  ,  riser  In  the  uossle  ( referred  to  1  kg.  of  air) 

1^  and  p-V-diagram  is  dc|  1  :  t  e  l  by  the  area  of  n-t-'.-ii;  work  exnon  led  In  adiabatic 

compression  of  air  in  the  dJ,fu.or  l,  a^c1t  is  depicted  by  the  area  a-b-s-U;  net  work 

of  the  cycle  is  determined  by  the  difference  I.  -  1  -  L„  nB  and  area  o-  ’-Vl. 

'  cLA«  J  S  A*  Cm 

In  a  ramjet  engine,  at  .is,  of  t.  •  c  -  eye  le  is  use  i  for  Increase  uf  kinetic  •merry 
of  the  flow  of  air  passing  th'ourh  the  engine: 

■5-*" 


Lt  = 


(1.1) 


where  wi(  —  exhaust  velocity  of  froni  the  no  •  in  m 

V  —  velocity  of  flight  in  m/.-  ■<: . 

The  basic  characteristic*  f  lb.  f.  h  ■  ruin  i\ iruni  -  eylo  Is  thermal  efficiency,  l.c., 
the  degree  of  conversion  of  s  ;  lien  he  a'  .  Into  useful  work  of  the  cycle,  thermal 
efficiency  !|^  Is  e  ml  if  •  t •  ■*  +  i •  -  ■>"  hear  converted  into  useful  work  f.(  (<■  the 

host  o  supplied  from  without  : 

1  Q  Q,  ’  (1') 

ori  t h ■  •  ■•••.* t.J  on  -  ( a  rest  a-,  -k-t.  on  the  i-s  cJiarrum) ; 

Q ,  —  heat  remo.od  in  'In*  eye  ic  on  the  section  i-O  (area  a-O-t -b ) . 

;  . .  i- 

'  1 

Qi  ~cp(^n  — 

Q2  =  cp(TA  -  T0). 

hen" 


whei’e  —  heat  su|  ;  li 


1/  =  i 


I*. 

T*-T0  ,  r.  T. 
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From  the  equations  of  adiabats  3-4  and  0-2  we  have 


Since 


Pi  “  Pt  ®'a  Pm  “  Pm* 


(1.5) 


then 


Whence 
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The  degree  of  increase  of  pressure  at  the  end  of  the  diffuser  for  an  ideal 
engine  (without  losses)  can  be  expressed  in  terms  of  velocity  of  flight  MH.  With 
complete  adiabatic  deceleration 

£.p.I  +  l=l*. 


For  air  k  =  1.4,  and  then 


*- 


3.5 


ML 


+  i 


(1.7) 


Expressions  (1.6)  and  (1.7)  show  that  thermal  efficiency  of  an  ideal  engine 
depends  only  on  the  degree  of  increase  of  pressure  at  the  end  of  the  diffuser  and 
continuously  increases  with  increase  of  velocity  of  flli.h1  (Fig.  1.3).  This  is  ex¬ 
plained  by  the  fact  that  wilh  increase  of  the  degree 
of  pressure  increase  there  occurs  higher  expansion 
of  air  when  heat  is  supplied  to  it;  a  larger 
quantity  of  this  heat  is  used  for  increase  or  kinetic 
energy  of  gases  exhausted  from  the  engine,  which  lead 
to  decrease  of  the  heat  Qp  lost  from  the  cycle  into 
the  atmosphere. 

If  with  increase  of  velocity  of  flight  is 
kept  constant,  then  net  work  of  the  cycle  will  con¬ 
tinuously  increase,  since 


Fig.  1.3.  Change  of  thermal 

efficiency  depending  upon 

M0,  during  nonshock  comp res- 
H 

sion  of  air. 


The  obtained  relationships  (1.6)  and  (1.7)  are  valid  for  an  engine  with  nonshock 
comi session  of  air.  Shock  com; session,  due  to  losses  in  shock  waves,  leads  to 
decrease  o f  [  r  e  s  e>  u  r  o  and  to  worsening  ol  all  [ammeters  ot  the  engine.  In 
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Mr,.  1  .4 .  Ideal  cycle  of  a  ramjet 
engine  with  shock  compression  of  air. 


Fig.  I  .Jt  the  solid  line:'  show  variation 
of  parameters  of  gas  on  |  -V-  and  i-s -dia¬ 
grams  during  shock  compression  of  air  in 
the  diffuser.  On  the  same  graph,  for  corn, 
parisun,  by  the  dotted  lines  shows  varia¬ 
tion  of  parameters  of  air  during  nonshock 
compression.  Due  to  losses  of  energy  of 


t  h<'  flow  of  air  in  shock  wave  -  at  the  same  speed  of  flight  M^,  shock  compression 

i 

leads  to  lower  pressure  (p0g  at  the  end  of  the  diffuser  and  consequently  lo  decrease 
of  thermal  efficiency,  and  with  constant  heat  addition  Q.  also  to  decrease  of'  net 
work  Lt  as  compared  to  the  case  of  nonshock  compression. 

Change  of  state  of  gas  in  a  real  engine,  taking  into  account  losses  existing, 
in  it,  is  illustrated  in  Fig.  1,‘j,  For  comparison,  on  these  graphs  the  dotted  line: 
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denote  curves  corresponding,  to  an 
ideal  engine  with  shock  compression 
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Fig.,  .*>.  Real  cycle  of  ram,!  •  enrlhi 


of  air 


In  Fig.  l.'l  it,  is  clear  that  at 
the  end  of  compression,  the  air  has 

it  i 

lower  |  ressure  (l0v,  <  1'qo)  arul  •r'ome- 
v/tiat  lower  thermodynamic  t  emperat.ure 


tl  l 

(  4  j  ,  than  lr  the  ideal  .  I  ressure  at  point  decreases  as  a  result  of 

hy  Iriulic  losses  in  the  diffuser  and  the  |  ng.ence  of  residual  velocity  at  the  begin¬ 
ning  of  the  combustion  chamber  (w  /  ).  'i'emi  eratur<'  increases  also  duo  to  the 

fact  that  w,,  /  0,  since  the  fol  !uv •/its'  r<>  La  t,  tonshi  p  is.  always,  valid: 

t  -  r  — 

*  02  2 Vp  ' 

m  it 

I  ross-ure  on  the  line  of  h'-at  a  tuition  '  isojs  due  to  flow  friction  in  the 

combust, lori  chamber,  and  due  to  heat  allition  (n  the  moving  air  during  combustion  of 
tiv-  fuel.  The  higher  the  flow  friction  of  t.hc  comt  ust.ion  chamber  and  the  higher 

ii  n 

the  flow  velocity  are,  the  bigger  iro|  of  |  ressure  Is  on  section  1  -}  . 

ii  ii 

las.  is  expanded  along  Lne  line  •'  --'I  ,  which  1  uc  to  hydraulic  Losses  in  the 

i  i 

t.o  •  le  is  more  gently  slo|inc  t  hat:  aliabatie  eurvi-  — 'i  . 

II  II  II 

Work  of  t  no  real  cycle  on  the  (  -'/-diagram  i.  lotermiru  1  by  area  i-  - X  -t  .  Till 
work  is  ("i  I  Le  I  t  tie  net  work  and  in  ••  •••’m/'-'t  «*rr'i  *■>•>  is  wholly  avj  ended  In  Increase  of 


At 


g 

s 


the  kinetic  energy  of  pase^,  i.o.,  in  creation  of  Jet  thrust.  For  the  same  su[  ply 

i)  it 

of  heat  Q1  net  work  Lg  decreases  with  decrease  of  pressure  on  the  line  2  -3  . 

Efficiency  of  the  ramjet  engine  as  a  heat  engine  is  equal  to  the  ratio  of  heat 

converted  into  net  work  ALq  to  the  heat  introduced  into  the  engine  in  the  form  of 

chemical  energy  of  the  fuel  0  "H,: 

T  U 


_  al,  A(a*t-a,v*) 

11 "  OtH.~  U  Qt  U. 


(1.8) 


where  Gp  —  flow  rate  of  gas  (flow  rate  of  air  CL  +  flow  rate  of  fuel  G  ) 

through  the  engine  in  kg/sec;  B 

w^  and  V  —  flow  velocity  of  gases  at  the  nozzle  edge  and  velocity  of  flight 
of  the  engine  in  m/sec; 

Hu  —  lowest  calorific  value  of  fuel  in  kcal/kg; 

A 

A  =  jppj  —  thermal  equivalent  of  work  in  kcal/kg-m; 


2 

g  =  9.81  —  acceleration  due  to  gravity  in  m/secr~. 

Expression  (1.8)  shows  that  other  conditions  being  equal,  the  net  efficiency 
of  the  engine  depends  on  w^  —  the  exhaust  velocity  of  gases  from  the  nozzle,  which 
depends  on  temperature  and  pressure  pQ^  of  the  gas  before  the  nozzle,  since 
with  full  expansion,  without  taking  into  account  losses  in  the  nozzle, 


In  turn,  temperature  of  gases  before  the  nozzle,  other  conditions  being  equal, 
defends  on  combustion  efficiency  of  the  fuel 


Ok  (l-10) 

Of-tf. 


where  Q1  —  quantity  of  actually  released  heat  during  combustion  of  fuel  and  expended 
in  heating  the  gases: 

Qx-Gf+Tu-Qfjn  (l.ll) 

Thus,  net  efficiency  of  the  engine  depends  on  combustion  efficiency  of  the 
fuel  t}?  (i.e.,  on  the  perfection  of  the  process  of  burning  of  fuel  in  the  combustion 
chamber)  and  on  flow  friction  i  the  combustion  chamber,  with  increase  of  which 
pressure  before  the  nozzle  p^ 


decreases . 


§  2.  SUPPLY  OF  HEAT  TO  MOVING  GAS  IN  A  PIPE  AT  F 


const 


Heat  addition  to  a  moving  gas  in  pipe  of  uniform  cross  section  (Fig.  1.6)  is 
typical  for  combustion  chambers  of  the  ramjet  engine  and  afterburners  of  turbojet 


Jh-i* 


Fig.  1.6.  For  cal¬ 
culation  of  flow 
during  heat  addition 
to  a  moving  gas  in  a 
pipe  of  uniform 
cross  section. 


engines  (TP A). 

The  problem  of  thermodynamic  analysis  of  a  combustion 
chamber  is  reduced  to  determination  of: 

a)  parameters  of  flow  along  the  length  of  the  combustion 
chamber,  if  parameters  of  flow  at  the  inlet  px,  wx,  ,  Tx 
and  the  law  of  heat  addition  are  known; 


b)  maximum  heating  of  the  work  substance  (air). 

Parameters  of  flow  at  the  inlet  into  the  chamber  are  determined  during  calcula¬ 
tion  of  optimum  thrust  and  efficiency  characteristics  of  the  engine,  taking  into 
account  its  arrangement  in  the  aircraft,  and  are  taken  initial  data  for  designing. 

Following  [1],  le  will  consider  variation  of  parameters  of  gas  along  the  length 
of  the  combustion  chamber.  From  the  equation  of  continuity 


Pi®/-  P,®r 


(1.12) 


it  is  easy  to  note  that  during  heat  addition  to  moving  air  in  a  pipe  of  uniform 
cross  section,  its  velocity  increases,  consequently  static  pressure  drops. 
According  to  the  momentum  equation. 


Pt  Pr  —  Pf  ®r  (®r  ”  ®i) 

increase  of  velocity  causes  a  drop  of  pressure.  From  the  equation  of  state  we  have 

— 2e_  —  p*  (1.14) 

Pr7Y  fxTt  * 

Hut  since  pp  <  px ,  density  of  gas  along  the  length  of  the  pipe  drops  somewhat 
faster  than  1/T;  therefore,  gas  velocity  is  increased  faster  than  temperature.  Speed 
of  sound,  which  is  proportional  to  the  square  root  of  absolute  temperature,  is  in¬ 
creased  along  the  pipe  considerably  more  slowly  than  flow  velocity.  Therefore,  Mach 
number  M  -  w/a  along  the  length  of  the  pipe  increases  consequently,  with  appropriate 
heating,  a  flow  having  any  initial  velocity  can  be  accelerated  to  critical  velocity 

(V  1-0)- 

Hut  no  heating  can  cause  the  flow  of  gas  in  a  cylindrical  pipe  to  reach  super¬ 
sonic  speed.  This  phenomenon  is  called  thermal  crisis. 

The  enthalpy  equation  of  the  flow  can  be  written  in  the  following  way: 

Q  m  cpTtr  ~  —  cft^r  Cft  +  —  (of  ®J) .  (1.16) 
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Fig.  1.7.  Average  heat  capacity  of  combustion 
products  of  kerosene  in  air. 


where  Q  is  the  heat,  introduced  into  the  gas.  Values  of  c  are  given  in  Fig.  1.7. 

Pr 

With  help  of  four  equations  (1 .12)-(1.15) ,  we  can  determine  four  parameters 
of  the  gas  at  the  end  of  the  pipe  ^  ,  p  ,  Tr  and  w^,  if  there  are  known  the  same 
parameters  at  the  beginning  of  the  pipe.  The  considered  system  of  four  equations 
with  four  unknowns  is  reduced  to  one  quadratic  equation. 

The  momentum  equation  (1.13)  can  be  rewritten  as 


P'(~»  ~  1 )  “ 


We  will  substitute  in  this  equation  the  value  of  px/Pr  from  the  equation  of 
state  (1.14): 


But 


whence 


-fe-.-I* - | 

Pr  Tr 


-6_ 
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and  Mr-VkgRT', 


(1.16) 


Consequently,  formula  (1.16)  will  take  the  form 

•jj-.-jj- -1  -  (1.17) 

Values  of  k  are  given  in  Fig.  1.8.  Rat'’':  of  temperature  in  the  flow 
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If  at  the  ••in  of  the  pipe  there  occurs  thermal  crisis  (X  =  1),  then  equation 


( 1  .lb)  will  take  the  form 


or  In  dimensions  form 


Wit  X^  =  1.0,  and  the  ratio 


who  tic  c 


I--./ 1-JE&-  * 
h  +  y  r„ 

i'orm 

the  ratio 

svs- 

(i -  /¥- /^p- 


(1.19) 


(l.oo) 


This  c quation  shows  that  at  thermal  crisis,  a  completely  determined  value  of  A 
at  the  beginning  of  the  combustion  chamber  corresponds  to  a  given  quantity  of  su| ; lied 
boat.  At  Tq/ Tyx  =  1,  the  coefficient  of  velocity  at  the  beginning  of  the  pipe  also 
is  equal  to  unity;  for  infinitely  large  heating  X  =  0. 

Critical  heating  of  gar.  is  possible  with  appropriate  pressure  at  the  beginning 
of  the  pipe  —  more  correctly,  with  at  propriate  pressure  ration  Px/fy  . 

According  to  the  momentum  equation,  pressure  drop  in  the  pipe  us  equal  to 


Pr  Pr  \  ®r  / 


*4-1  r 


therefore , 


El.  -i  +  ±±l! - A — E*.  \ 

Pr  T  V  Wr  )' 


(1.9) 


*4-1  r 


Consequently,  to  every  value  of  flow  velocity  at  the  beginning  of  the  pipe  and 
degree  of  heating,  there  corresponds  a  definite  value  of  pressure  drop  /bp  • 

The  limiting  value  of  \  ressure  drop  is  obtained  upon  achievement  of  thermal 
crisis  (X^  =1).  In  this  case,  on  the  basis  of  (1.19) 

With  very  strong  heating  |  ressure  dro|  can  reach  the  largest  magnitude: 


/ 

X 


\5L-k+'- 

If  |  res sure  drop  is  less  than  required  according  to  formula  (1.22),  then  for 
the  given  preheating  T^/T^  through  the  combustion  chamber  air  will  pass  with 

lower  flow  rate,  coefficient  of  velocity  Xf  will  be  less  than  unity,  and  the  ratio 

of  velocities  wx/wr  will  be  established  to  be  such,  that  it  satisfies  equality  ( 1 . PI ) , 
By  increasing  pressure  at  the  beginning  of  the  pipe,  we  willincrease  flow 
rate  of  air  and  speed  wx  until,  for  the  given  preheating  Top/Tox*  \  becomes  equal 

to  1,  With  further  increase  of  pressure  px  flow  rate  of  air  through  the  pipe  will 

be  accordingly  increased,  and  the  ratio  of  speeds  and  pressures  at  the  beginning 

and  at  the  end  of  the  pipe  will  remain 
constant . 

Let  us  determine  the  drop  of  total 
pressure  in  a  cylindrical  pipe.  According 
to  the  equations  of  gas  dynamics,  we  have 
accordingly 


Kir.  L.9.  Pitot  losses  in  a  combus¬ 
tion  chamber  during  heat  addition 
( F  --  const ,  k  =  1.4). 


i+l 

Dividing  the  first  equation  by  the 
second,  we  will  obtain 


’  -  *[  ‘-&*J 


(l.L'3) 


Pressure  coefficient  o  decreases  with  increase  of  X  for  constant  degrees 

K»C  X 

of  (reheating,  and  with  increase  of  preheating  at  constant  velocity  at  the  inlet. 
Tills  ituation  is  graphically  illustrated  by  the  curve  in  Fig.  1.9, 

which  was  calculated  on  the  basis  of  equations  (1.181),  (1.21)  and  (1.2J)  on  the 
a.’,.-.um(  tion  of  constant  value  of  k  =  1.4. 

The  bigge.. t  drop  of  total  pressure  is  obtained  under  the  conditions  of  thermal 
c:ri  1  (X  =  Substituting  expressions  (1.20)  and  (1,22)  into  equality  (1.23), 

we  wi  1  L  c:\(  ress  the  total  drop  of  total  pressure  as  a  function  of  the  ratio  of 
.'.fa  'nation  temperatures 
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The  dependence  of  o  on  the  ratio  of  stagnation  temperatures  during  thermal 

K 

crisis,  calculated  for  k  =  1,4,  by  formula  (1.24),  is  given  in  Table  1.1. 

Table  1,1 

TtJTu  I  1,8  2,0  4  6  8  oo 

H.  1  0,89  0,86  0,82  0,81  0,80  0,79 


Consequently ,  for  preheating  T^/T  Ox 5  l 'itot  losses  almost  attain  their 

maximum  magnitude  and  compose  ~20%  of  the  total  pressure  at  the  beginning  of  th^ 
combustion  chamber.  Pressure  drop  on  the  heat  addition  line,  as  follows  from  analy¬ 
sis  of  the  thermodynamic  cycle,  leads  to  decrease  of  net  work  (thrust)  and  net 
efficiency  of  the  engine.  Thermal  losses  can  be  lowered  by  means  of  decrease  of 
the  coefficient  of  flow  velocity  at  the  beginning  of  the  combustion  chamber  X  ,  but 
t.hl;  leads  to  increase  of  dimensions  of  the  engine,  its  weight  and  external  drag. 

§  3.  HEAT  ADDITION  TO  A  MOVING  GAS  IN  A  PIPE  WITH  VARYING  CROSS  SECTION 


Heat  Addition  at  p  =  const 

Such  a  process  can  be  realized  in  a  divergent  pipe,  the  area  of  cross  section 
of  which  is  selected  in  accordance  with  the  law  of  heat  heat  addition,  so  that  pres¬ 
sure  in  the  flow  remains  constant  along  the  length  of  the  pipe. 

Let  us  consider  the  variation  of  parameters  of  the  gas  along  the  length  of  the 
pipe  when  heat  added  to  the  moving  gas  at  n  =  const. 

From  the  Bernoulli  equation  written  in  differential  form 


we  have 


wdw  4-  —  -  0, 


p -0- 


(1.20) 


But  since  p  =  p  ,  then  w  -  w  ,  i.e.,  flow  velocity  along  pipe  remain  constant, 

r  x  r  x 

Total  pressure  of  flow  at  the  end  of  the  pipe 


*  .  'MV  •  ,  '  ,  V  *' 

^  t  x,  \  A  ,  ', 


—  -ttmwf 


ft r  - 


(-&«)* 


Let  us  express  Xp  in  terms  of  Xx.  Since  wp  ■  w^, 

V.-VA 


-•■/IF- 


Placing  value  Xf  from  (1.16)  in  (1.26),  we  will  obtain 


(1.26) 


(1.27) 


(1.28) 


Ratio  of  temperatures  of  decelerated  flow  Tox/TQr  is  found  by  means  of  equation 
of  enthalpy  (1.15). 

Replacing  in  (1.28)  magnitude  p^  by  pressure  of  decelerated  flow 


at  constant  value  of  k,  we  will  have 


r  "Jsrr 

,  fir  _  HI  » 

**  t  1 r» 

*+1  ‘  r„ 


(1.29) 


Thus,  during  heat  addition  to  moving  gas  at  p  =  const,  total  pressure  in  flow 
also  drops,  and  more,  the  higher  Xx  and  degree  of  preheating  of  gas  Tqp/T qX,  are. 

Change  of  cross  section  of  pipe,  necessary  for  heat  addition  to  moving  gas  at 
p  -  const,  on  the  assumption  of  absence  of  hydraulic  losses,  is  determined  only  by 
the  law  of  heat  addition.  From  continuity  equation 

ftmf I  “ 

taking  into  account  the  fact  that  pressure  and  speed  along  length  of  pipe  remain 


constant,  we  will  obtain 


Il.1l 

Fi  Tt 


(1.30) 


Here  subscript  "i"  denotes  values  in  the  considered  cross  section. 


i  V  *4"' 
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I'' Low  of  (/as  with  heat  addition  In  a  pipe  with  arbitrarily  varying  area  of  cross 
section  can  be  calculated  approximately  by  the  method  of  numerical  integration  pro- 
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Fig.  1.1C.  Analysis  of  flow 
during  heat  addition  to  a 
moving  gas  in  a  conical 
convergent  ripe. 


poGed  by  V.  S.  Zuyev. 

Let  us  assume  that  the  gas  flows  through  a  pipe 
of  arbitrary  cross  section  with  a  given  law  of  heat 
addition  (Fig.  1.10).  Let  us  replace  this  channel 
by  circumscribed  and  inscribed  step  contours  con¬ 
sisting  of  n  cylindrical  sections. 

Calculation  of  parameters  of  flow  is  conducted 
consecutively  from  first  to  subsequent  sections  along 
both  contours,  with  use  of  relationships  obtained  in 
§  2  of  the  present  chapter  for  the  case  of  heat  addi¬ 
tion  to  a  moving  gas  at  F  =  const. 


Transition  form  one  cylindrical  step  to  another  is  considered  to  be  adiabatic. 
Results  obtained  along  both  contours  are  averaged,  and  the  aritmetic  mean  is  taken 
as  the  true  result.  The  larger  the  number  of  sections  n  into  which  the  channel  Is 
divided,  the  higher  the  accuracy  of  the  calculation. 

The  method  expounded  below  is  useful  for  analysis  of  flow  in  a  channel  of  any 


arbitrary  geometric  form,  but  two  cases  may  be  of  practical  interest  —  heat  addition 


to  a  moving  gas  in  divergent  and  convergent  conical  channels.  As  an  example  we  will 
consider  the  latter  case.  Parameters  of  the  gas  at  the  channel  inlet  w^,  p^,  T^,  p^ , 
areas  of  inlet  and  outlet  cross  sections  and  the  law  of  heat  addition  along  the 
length  of  the  channel  are  given. 


It  is  required  to  determine:  parameters  of  flow  at  the  end  of  the  channel, 
pressure  coefficient  o  ,  permissible  (critical)  heating  of  the  gas  for  which  X 
will  be  equal  to  1.0  at  the  end  of  the  channel. 


The  formulated  problem  is  solved  in  the  following  way.  We  divide  the  channel 
into  n  (in  Fig.  1.10,  into  six)  sections  and  perform  successive  calculation  of  change 
of  |  arameters  of  the  flow  along  the  outer  (circumscribed)  step  contour. 

The  quantity  of  heat  added  in  each  section  will  be 


We  will  determine  the  temperature  of  the  1  low  at  the  end  of  each  i-th  section 


by  the  heat  balance  equation 

Qt  m  M  -f7  (®?“ 


(1.3?) 


Flow  velocity  at  the  end  of  the  first  section  of  the  outer  3tep  contour  will 


be  found  according  to  the  relationships 


.  -fa- .  Hi?  |~i  - 1  / 1  ***  r*.  ] 

h  »?  L  V  1  F+IJ)1'  r„  J 


(1.33) 


(1.34) 


With  transition  to  second  section,  coefficient  of  velocity  is  determined  by 


the  formula 


‘*('-177^ 


(1.35) 


Ratio  of  velocities  at  the  end  and  at  the  beginning  of  i-th  section  will  be 
obtained  by  means  of  an  expression  analogous  to  (1.33): 


•imp  _  Hi-  i) 
■u-t)  tmp 


»{-»  l  V  (>+‘v-„)'  J 


Then  we  make  adiabatic  recalculation  of  velocity  at  the  end  of  this  section: 

‘■(' ~  -  ^  (' ~ 

We  will  take  X^  as  velocity  at  the  beginning  of  the  section,  etc.,  up  to  the 
last  section.  We  will  complete  calculation  of  the  outer  step  contour  by  adiabatic 
recalculation  of  velocity  for  the  ratio  of  areas  F^/Fg  by  means  of  the  formula 

(1.33),  and  will  determine  ^gHap. 

We  will  start  calculation  of  flow  along  outer  contour  with  determination  of 
coefficient  of  velocity  at  beginning  of  first  section  by  means  of  relationship 


analogous  to  (1.35) 


Then  we  will  find  coefficient  of  velocity  at  the  end  of  the  first  section  of 
inner  countour  X^,  recalculate  velocity  at  beginning  of  second,  third  sections,  etc., 
until  determination  of  ^5BHJ  this  is  analogous  to  calculation  according  to  the  outer 
contour. 
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Coefficient  of  velocity  at  the  end  of  the  channel  will  be  determined  by  the 


relationship 


(1.36) 


Pressure  at  the  end  of  channel  will  be  found  by  means  of  expression  (1.21) 


_2L 

At 


and  |  ressure  coefficient  —  by  (1.23) 


If  <  1.0,  then  this  completes  solution  of  the  first  problem  —  determination 
of  parameters  of  flow  at  the  end  of  the  channel  and  the  pressure  coefficient.  If 
at  the  end  of  some  section  (including  the  last  one),  as  a  result  of  calculation 
coefficient  of  velocity  is  obtained  to  be  larger  than  unity,  then  the  given  heat 
addition  is  above  limiting. 

Limiting  heating  can  be  determined  by  the  above  method,  by  successively  taking 
total  value  of  supplied  heat  Q  until  there  is  obtained  convergence,  i.e.,  until  given 
quantity  of  heat  corresponds  to  transonic  speed  at  the  end  of  the  channel. 

Calculation  of  flow  of  gas  with  heat  addition  in  a  channel  of  variable  crons 
section  by  method  of  numerical  integration  is  cumbersome  and  labor-consuming,  but 
division  of  channel  into  a  sufficiently  large  number  of  sections  gives  very  high 
accuracy.  It  is  necessary  to  indicate,  however,  that  in  motors  heat  addition  along 
the  length  of  combustion  chamber  (i.e,,  burnup)  depends  on  many  factors  —  organiza¬ 
tion  of  carburetlon  and  burning  of  fuel,  parameters  of  flow  of  air,  geometric  form 
of  chamber,  etc.  Therefore,  during  calculation  of  flow  in  combustion  chamber  of 
variable  cross  section,  it  is  impossible  practically  to  assign  in  advance  a  law  of 
heat  addition,  although  total  amount  of  supplied  heat  is  usually  known. 


§  4 .  Influence  of  Flow  Velocity  on  Characteristics 
ot'  the  Combustion  Chamber 

Above  it  was  indicated  that  thermal  efficiency  of  the  engine  is  increased  with 
increase  of  air  pressure  at  the  end  of  compression.  For  increase  of  p0  (see  Fig.  1.2) 
at  given  speed  of  flight,  it  is  necessary  to  try  to  decelerate  air  at  the  enl  of  the 
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diffuser  as  much  as  possible  —  Wg.  Decrease  of  speed  Wg  is  possible  by  means  of 
increase  of  area  ratio  Fg/Fg,  i.e.,  the  cross-sectional  area  of  the  combustion 
chamber  Fg.  However,  considerable  increase  of  area  ratio  Fg/F0  leads  to  impermis¬ 
sible  increase  of  dimensions,  weight  and  external  drag  of  the  engine. 

In  a  ramjet  engine,  total  pressure  of  air  at  the  end  of  compression  pQg  depends 
on  work  of  the  diffuser  and  is  determined  by  the  relationship 

Pn  “  VW 

where  —  pressure  recovery  factor  in  diffuser; 

pQ0  —  total  pressure  during  adiabatic  deceleration  of  flow. 

In  engines  of  usual  design,  flow  velocity  at  the  end  of  the  diffuser  is  always 
subsonic  (Xg  «  1.0)  and  usually  is  equal  to  Xg  =  0.15  to  0.25,  in  rare  cases 
attaining  Xg  =  0.4  to  0.5.  With  such  values  of  Xg,  the  ratio  of  static  pressure  at 
the  end  of  the  diffuser  to  total  pressure  of  the  decelerated  flow  pg/p02  is  accord¬ 
ingly  equal  to  O.985  to  0.855.  Thus,  change  of  flow  velocity  at  the  beginning  of 
the  combustion  chamber,  even  within  such  a  wide  range  as  Xg  =  0.15  to  0.5,  does  not 
in  practice  directly  affect  the  magnitude  of  thermal  efficiency  of  the  cycle. 

Increase  of  velocity  at  the  beginning  of  the  combustion  chamber  is  not  desirable 
for  other  reasons:  with  increase  of  Xg  proportionally  to  the  square  of  velocity, 
hydraulic  losses  increase  and,  furthermore,  thermal  losses  are  increased. 


Decrease  of  the  ratio  of  total  pressure  at  the  end  of  the  chamber  p 


05 


to 


total  pressure  at  the  beginning  of  the  champer  for  pQg,  which  is  caused  only  by 

hydraulic  losses,  ir  shown  in  Fig.  1.11  in  dependence 
upon  coefficient  of  flow  friction  ^  Q  and  velocity 


Fig.  1.11,  Change  of  total 
pressure  at  the  end  of  the 
combustion  chamber,  depend¬ 
ing  on  £k<c  and  X  . 


and  coefficient  at  the  end  of  the  diffuser  X, 


2* 


From 


this  graph  it  is  clear  that  if,  for  instance,  ^  c  = 

=  5. 0,  then  with  change  of  Xg  from  0.15  to  0.5  losses 
of  total  pressure  at  the  end  of  the  combustion 
chamber  as  a  result  of  hydraulic  losses  will  compose 
accordingly  in  first  case  only  ~4$,  and  in  the  second 
will  Increase  to  40$  of  the  total  pressure  at  the 
beginning  of  the  combustion  chamber.  Due  to  this,  at 
Xg  =  °»5  net  efficiency  and  thrust  of  the  engine  will 

worse . 


The  discussed  example  shows  how  important  it  is  during  creation  of  a  combustion 


chamber  to  try  to  its  flow  friction  as  much  as  possible,  especially  for  high  flow 
velocities  at  the  end  of  the  diffuser.  High  flow  velocities  at  the  beginning  of  the 
combustion  chamber  are  also  not  desirable  from  the  point  of  view  of  organization  of 


the  j  rocess  of  burning  of  fuel,  since  they  cause  stabilization  of  the  flame  to 
become  worse,  and  1'or  ensuring  stable  burning  it  is  necessary  to  increase  dimensions 
of  the  flame-holders;  but  this,  in  turn,  leads  to  increase  of  flow  friction  of  the 
flame  front  devices  with  all  of  the  above-indicated  negative  consequences. 

Furthermore,  with  increase  of  flow  velocity,  burning  of  two-phase  fuel-air 
mixture  becomes  worse,  since  time  of  stay  of  fuel  in  the  combustion  chamber  decreases, 
as  a  result  of  which  in  a  number  of  cases  (at  relatively  low  temperatures  of  flow 
for  insufficiently  fine  atomizing  of  liquid  fuel,  during  burning  of  solid  fuel, 
etc.)  combustion  efficiency  of  the  fuel  decreases.  For  increase  of  combustion 
efficiency  in  this  case,  it  is  necessary  to  increase  length  of  combustion  chamber, 
and  consequently  also  weight  of  the  engine. 

§  5 .  Dependence  of  Engine  Characteristic  on  Combustion 

Efficiency  of  'Fuel 

Combustion  efficiency  of  fuel  i)z  is  one  of  the  basic  parameters  characterizing 
perfection  of  the  combustion  chamber. 

Analysis  of  thermodynamic  cycle  of  an  air-breathing  jet  engine  shows  that  at 
constant  net  efficiency,  net  work,  and  consequently  also  engine  thrust  are  proj op¬ 
tional  to  the  quantity  of  heat  Q1  added  to  the  gas  .  Heat  is  introduced  into  the 
combustion  chamber  in  the  form  of  chemical  energy  of  fuel.  In  the  process  of  burning 
there  is  not  released  all  chemical  energy  of  the  fuel,  but  only  part  of  it; 


where  f?T  —  fuel  consumption  in  kg/sec; 

Hu  —  lowest  calorific  value  of  fuel  in  keal/kg. 

It  is  obvious  that  at  a  given  value  of  Q^,  which  provides  a  given  engine  thrust, 
fuel  consumption  GT  will  be  greater,  than  less  Is.  Consequently,  fuel  combustion 
efficiency  In  all  cases  directly  affects  magnitude  of  engine  specific  impulses: 
specific  impulse  J  is  changed  proportionally  to  t]  . 

In  turn  magnitude  of  engine  specific  impulse  determines  range  of  powered  flight 
of  an  aircraft  with  engine  working.  By  the  formula  of  Tsiolkovsky 

L  -  kJV  In  , 

where  k  —  lift-drag  ratio  of  the  aircraft; 

J  —  engine  specific  impulse; 

V  —  speed  of  flight  in  m/sec ; 


""W,,  V)tj 


TT  —  relative  fuel  weight. 

At  constant  fuel  consumption,  engine  thrust  naturally  decreases  with  decrease 
of  r)z .  However,  at  certain  values  of  a  >1,0  and  not  very  low  combustion  efficiency, 
decrease  of  tjz  as  compared  to  its  design  value  can  be  compensated  by  increase  of 
fuel  consumption. 


On  the  basis  of  (1.37),  total  quantity  of  heat  added  to  gas,  will  be 

Qi  -  0.//.V 

Quantity  of  heat  added  to  1  kg  of  gas : 

_  ft  ft  tt , 

fl  0.+  ft  ft  +  ft  "■** 


(1.38) 


(1-39) 


But  fuel  consumption  is  equal  to 


where  a  —  excess  air  ratio; 


a,  -  — , 


(1.40) 


Lfi  —  stoichiometric  coefficient  —  theoretically  necessary  quantity  of  air  for 
full  combustion  of  1  kg  of  fuel. 

Consequently,  it  is  possible  to  write 


(1.41) 


To  provide  the  given  thrust  it  is  required  that  for  any  values  of  t)z,  magnitude 
of  be  constant.  It  follows  from  this  (if  we  disregard  the  insignificant  change 
of  mass  of  combustion  products  during  small  change  of  a)  that  the  magnitude  of 
t).,/(1  +  «Lq)  must  be  constant.  Compensation  for  incompleteness  of  combustion  of 
fuel  by  increase  of  its  flow  rate  is  possible  as  long  as  a  «•  0. 9-1.0.  With  further 
decrease  of  a,  temperature  of  gas,  and  consequently  also  engine  thrust  will  decrease. 

§  6.  Peculiarities  of  Thermodynamic  Processes 
at  High  Temperatures* 

At  high  speeds  of  flight  of  aircraft  or  use  of  high  energy  propellants,  tempera¬ 
ture  in  engine  combustion  chamber  can  be  higher  than  2000-2500°K.  At  such  high 
temperatures,  there  starts  to  noticeably  appear  dissociation  of  combustion  products. 
Since  the  dissociation  reactions  are  accompanied  by  absorption  of  heat,  then  as  a 
result  gas  temperature  will  be  considerably  lower  than  in  the  absence  of  dissocia¬ 
tion  . 


*§§  6  and  7  were  written  jointly  with  V.  A.  Chernov. 
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Fig.  1.12.  Theoretical 
temperature  of  combustion 
products  of  kerosene  in 
air  both  without  taking 
into  account,  and  taking 
into  account  dissociation 
(cx  =  1.1;  p  =  atm  (abs.)). 
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Fig.  1.13.  Change  of  composition  of  combustion 
products  of  kerosene  In  air  depending  upon  en¬ 
thalpy  of  mixture  (a  =  1.1;  p  =  1.0  atm  (abs.)). 


In  Figs.  1,12  and  1.13  there  are  given  graphs  of  change  of  temperature  of  com¬ 
bustion  products  of  kerosene  in  air  at  a  =  1.1  and  weight  fractions  of  components 
depending  upon  magnitude  of  enthalpy  of  the  mixture  in  .  In  Fig.  1.12  the  dottel 
line  illustrates  the  temperature  change  curve  in  the  case  of  absence  of  dissociation. 
From  the  graphs  it  is  clear  that  process  of  dissociation  starts  to  noticeably  .-how 
up  approximately  at  T  =  2000°K,  To  a  temperature  of  2S00°K  the  influence  of  dissocia¬ 
tion  is  weak,  and  in  certain  approximate  calculations  it  is  possible  to  disregard  it. 
At  T  >  2500°K  in  all  calculations  we  should  consider  influence  of  dissociation  on 
thermodynamic  properties  of  components  of  combustion  products. 

Errors  appearing  when  influence  of  dissociation  reactions  is  disregarded  can 
be  estimated  by  examining  Ftg.  1.14.  Curve  a  on  this  figure  corresponds  to  process 
of  isoentropic  compression  ui  air  to  full  deceleration  in  the  absence  of  dissociation 
of  the  air  components.  Curve  b  corresponds  to  the  same  process,  but  taking  into 
account  influence  of  dissociation;  curve  c  corresponds  to  the  process  of  combustion 
of  hydrocarbon  fuel  in  "decelerated"  air  in  the  absence  of  dissociation  of  combustion 
products,  and  curve  d  -  to  the  process  of  combustion  taking  into  account  dissociation. 


Fig.  1.14.  Theoretical  change 
ol'  air  temperature  and  combus¬ 
tion  products  of  kerosene 
burned  In  air  both  taking  Into 
account  and  without  taking  into 
account  dissociation,  depending 
upon  Mach  number  of  flight  (a  = 
-  1.1;  p  =  1.0  atm  (abs.)J. 
a,  b)  air;  c,  d)  combustion 
products  . 


dissociation  of  components,  it  i 
a  pas  of  con:  tant  composition, 
takes  the  form 


Thus,  curves  b  and  d  correspond  to  real  processes. 
At  very  high  speeds  of  flight,  temperature  of 
gases  after  "combustion"  of  fuel  can  be  even 
less  than  initial  temperature  of  air.  This  is 
explained  by  great  expenditure  of  heat  on  dis¬ 
sociation. 

At  high  temperatures,  the  value  of  tempera¬ 
ture  itself  cannot  completely  characterize  energy 
state  of  system.  Really,  in  the  last  example 
temperature  of  combustion  products  turned  out 
to  be  lower  than  temperature  of  air  in  which  the 
fuel  burned,  but  enthalpy,  the  total  energy  of 
the  system,  will  of  course  be  much  higher  than 
the  enthalpy  of  the  air.  This  energy  can  be 
realized  in  the  supersonic  nozzle  of  the  engine, 
where  during  expansion  of  gas  its  temperature 
will  decrease  and  there  will  occur  a  recombination 
reaction  with  liberation  of  heat.  It  is  true  that 
the  quantity  of  returned  energy  will  depend  on 
degree  of  equilibrium  of  the  process  of  recombi¬ 
nation  occurring  in  time,  i.e.,  on  to  what  degree 
the  recombination  reaction  will  have  time  to 
occur  during  flow  of  the  gas  in  the  nozzle. 

To  avoid  impermissibly  large  errors  during 
calculations  of  pr  cesses  accompanying  noticeable 
s  impossible  to  use  thermodynamic  relationships  for 
For  instance,  Mayer's  equation  for  reacting  mixtures 


Tn  this  expression  the  term  under  certain  conditions  becomes  close  in  order 


ar 

of  magnitude  to  R. 

Chemical  processes  also  influence  adiabatic  index  k,  which  in  the  case  when 
composition  of  the  gases  varies  during  the  given  process  is  determined  by  the  ratio 
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k 


§  7 .  Calculation  of  Composition  of  Combustion  Products 
at  High  Temperatures 

The  rate  of  chemical  reactions  is  measured  by  change  of  concentration  of  reac¬ 
tants  per  unit  of  time.  On  the  basis  of  the  law  of  mass  action,  the  proof  of  which 
is  given  in  courses  in  chemical  thermodynamics,  rate  of  reaction  at  every  given 
moment  is  proportional  to  the  f  roduct  of  concentrations  of  reactants  at  this  given 
time.  For  reactions  cf  the  type 


reaction  rate  is  equal  to 


aA  +  bB^ZeC  +  dD 


where  k  —  rate  constant  of  the  reaction; 

and  c^  —  are  respectively  concentrations  of  substances  A  and  B. 

They  are  expressed  usually  either  by  the  number  of  moles  or  the  number  of 
molecule  re  •  unit  volume  (usually  per  1  cnr). 

Fc.  instance,  for  the  reaction  Hp  +  0.50  ,  =  HpQ,  rate  of  water  formation 

*1  - 

All  reactions  are  chemically  reversible,  i.e.,  they  can  go  forward  as  well  as 

in  the  o[  posite  direction.  For  instance,  for  the  reaction  H,  +  0.50.,  ^  11  0  the 

(  (  • 

resultant  rate  of  formation  of  water  is 

^  a*  co¬ 

upon  the  expiration  of  a  certain  time,  rate  of  formation  of  water  V  and  rale 
of  its  decomposition  will  lie  equal  to  each  other.  Then  there  will  exist  chemical, 
e  lullibrium  of  the  system,  which  for  the  considered  example  gives 


fllfi  *  0 


or 


k,Hfl 


c  ctn 


(i.'i  ) 


*1  *H/) 

The  quantity  k  jj  q  -siled  the  chemical  equilibrium  constant  for  formation 
of  wa'-T  from  oxygon  and  li.v  1 1  ogon .  id  mil  i  brium  constant  arc  determined  by 
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experimental  means,  are  functions  of  only  temperature  and  do  not  depend  either  on 
pressure  at  which  the  mixture  is  reacting  or  on  the  presence  of  other  impurities. 

According  to  the  Avoeadro's  law,  partial  pressure  of  every  component  of  gas 
mixture  is  proportional  to  the  number  of  gram  molecules  of  considered  substance  in 
the  given  volume.  Consequently,  equilibrium  constant  can  be  expressed  in  terms  of 
partial  pressures: 


^HlP  PHfi 


(1.0) 


Let  us  note  that  the  numerical  values  of  the  equilibrium  constant  expressed  in 

.  »  .  . 

terms  of  concentrations  and  in  terms  of  partial  pressures  are  different  (k  ?  k  ) . 
They  turn  out  to  be  Identical  only  in  that  case  when  concentrations  are  expressed 
in  moles,  and  the  number  of  moles  before  and  after  the  reaction  remains  identical. 

Depending  upon  temperature,  equilibrium  shifts  in  one  direction  or  another. 

At  a  temperature  below  1700°C,  dissociation  of  HpO,  COp  and  ether  combustion  product 
is  Insignificantly  small;  the  reaction  of  formation  of  these  substances  is  practi¬ 
cally  irreversible;  at  a  temperature  over  4000°C  combustion  products  are  practically 
completely  dissociated.  Degree  of  dissociation  increases  with  decrease  of  pressure. 

Dissociated  combustion  products  of  hydrocarbon  fuels  in  air  contain  COp,  CO, 

H.  0,  OH,  Hp,  H,  Op,  0,  N2,  NO,  N.  Analysis  of  the  composition  of  dissociated  com¬ 
bustion  products  is  carried  out  by  means  of  simultaneous  s.olution  of  equations  of 
equilibrium  and  material  balance. 

Equation  of  material  balance  during  burning  of  hydrocarbons  in  air  can  be 
written  in  the  following  form: 

C,H„  +  «L,0«,Nm  -  nC  +  «H  -f  (1.44) 

This  equation  shows  that  the  number  of  atoms  of  each  of  the  four  elements  (C,  H,  0 
and  N)  is  not  changed  during  burning.  Ratios  of  weight  fractions  of  these  elements 
will  also  remain  constant: 


in 

tc 

fo 

tc 


IV 


to  —  —  £ 

lc"  V 


(1.45) 


where  u  —  molecular  weight  of  components. 


■  HW  ’**•*!+ 


On  the  other  hand,  ratios  of  weight  fractions  of  elements  can  be  expressed  in 
terms  of  partial  pressures  of  substances  containing  the  given  elements.  Thus,  carbon 
is  contained  in  C02  and  CO;  hydrogen  -  in  HgO,  OH,  H2,  H;  oxygen  -  in  CO^,  CO,  H  ,0, 
OH,  0^,  0,  NO;  nitrogen  in  Ng,  NO,  N. 

In  one  gram  mole  CO,  contains  12  g  of  carbon;  the  same  quantity  of  carbon  is 
contained  in  one  gram  mole  of  CO.  The  total  amount  of  carbon  will  be  equal  to 

-jj—  (l2Afco,  -f  12 Mco  j  kg, 

where  M  —  number  of  moles  of  the  given  substanc'  '  _  uf  comouscron  products, 

but  according  to  Avogadro's  law  partial  pressure  of  the  given  substance  is  propor¬ 
tional  to  the  number  of  gram  moles  in  this  substance  in  the  given  volume.  Then  the 
last  expression  can  be  rewritten  in  the  following  form: 

(PCD,  +  Poo)  kg, 

1000  P» 


where 


M..  —  number  of  gram  moles  of  all  substances  composing  combustion 
products; 

pv  -  total  pressure  in  combustion  products; 

PCQ  —  partial  pressures  of  COg  and  CO. 


Analogously  to  this,  the  quantity  of  hydrogen  in  1  kg  of  combustion  products 
is  equal  to 

-i— ^  (2ph/j  +  2pm, + Ai  +  Aw)  [kgj- 

1000  Pj 


Then  equation  (1.45)  can  be  written  in  the  following  form: 

JbJh  m5h  fof fi  +  ^H,  +  Ph  +  Aw 

ic  Pc  Poo,  +  Poo 

_  Pp  fopp,  +  Poo  +  P»fl  +  Pqh  +  2Pp.  +  Pq  +  Pno 
ic  Pc .  PcD,  +  Poo 

^  _  #n  ^  jjK  ^Pw,  4-  Pnq  -4-  Pn 
ic  Pc  Poo,^"Pco 


(ljif ) 


The  fourth  will  be  equation 

which  shows  that  the  sum  of  all  partial  pressures  is  equal  to  the  pressure  in  the 
chamber . 
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But  in  dissociated  combustion  products  there  can  be  contained  eleven  substance 
The  total  number  of  equations  should  be  equal  to  the  number  of  unknowns.  Therefore 
we  will  write  seven  more  equations  of  chemical  equilibrium: 


V 


?*x> 

*00, 

■sr 


*H.‘*00L 

*1*0 

aTO*' 


(1.48) 


By  solving  this  system  of  eleven  equations  and  determining  partial  pressures 
of  every  component  of  the  mixture,  we  find  the  weight  and  volume  fractions  of  these 
components,  and  then  by  the  same  relationships  as  for  undissociated  gases  we  find 
thermodynamic  parameters  of  the  dissociated  combustion  products  of  —  u,  R,  i,  s,  cp 

<V  k* 

There  exist  many  methods  of  solution  of  this  system  of  equations  based  on  the 
method  of  successive  approximations.  Let  us  consider  the  most  convenient  method, 
proposed  by  Vanichev  [2], 

We  will  consider  the  chemical  reaction  equation 

oA  +  bB  3^cC  ■{■  dO 

or 

A+—B£l—C+—D. 

•  a  a 

We  will  find  the  time  derivative  of  concentration  of  the  first  substance 
d[c*  1/dt.  Let  us  assume  that  with  the  appearance  of  substances  in  the  right  side, 
they  are  removed;  i.e.,  the  formation  reaction  flows  irreversibly,  and  the  reverse 
reaction  does  not  occur.  Then  change  of  concentration  of  first  substance  A  depends 
on  number  of  collisions  of  its  molecules  with  molecules  of  substance  B  per  unit  of 
time,  which  decreases  with  consumption  of  substances  A  and  R.  According  to  the  law 


Usually  there  is  taken  the  magnitude  t  <  0.<j.  Let  us  note  that  with  increase 
of  9,,  the  necessary  number  of  approximations  decreases;  at  the  same  time  this  can 
lead  to  divergence  of  the  equations.  The  obtained  system  of  equations  can  be  con¬ 
veniently  solved  in  the  following  way: 

First  an  roxlmati on .  Take  partial  pressures  (usually  zeroes)  of  substances 
expressed  in  terms  of  chemical  equilibrium  constants,  i.e.,  p__,  p„,  pA,  p.,,  pAII, 

L/U  ii  U  N  ‘Jil 
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We  put  these  values  In  equations  (1.46)  and  (1.47)  and  solve  them  ex- 


*  NO  ‘ 


plicitly  for  the  remaining  partial  pressures  , 


These  four  found 


values  of  partial  pressures  we  put  in  equations  (1.49)»  replace  In  these  equations 

,  i  t 

the  partial  pressures  marked  with  primes  [Pqq  etc.)  by  the  initially  given 

values  (usually  seroes),  and  find  new  values  of  the  seven  partial  pressures  p^, 

Pr «  Pq»  etc  . 

Second  approximation.  The  new  found  values  of  seven  partial  pressures  we  put 
in  equations  (1.46)  and  (1.47),  find  new  values  of  p^0  ,  pH  Q,  pQ  and  pN  ,  put  them 


in  (1,49)  and  find  new  values  of  pco,  p^,  PQH»  etc.  Calculation  is  continued  until 
results  of  the  last  two  approximations  differ  by  a  magnitude  less  than  the  given  one. 

Thus,  calculation  of  composition  of  dissociated  combustion  products  is  a  very 
labor-consuming  task.  At  present  these  calculations  are  conducted  on  high  speed 
electronic  computers.  By  the  obtained  data  there  are  constructed  diagrams  for  the 
given  mixture  ratio  a  and  fuel  combustion  efficiency  t)z,  which  are  used  during  analy¬ 
sis  of  thermodynamic  processes. 


§  8.  LOSSES  OF  PRESSURE  IN  COMBUSTION  CHAMBERS 
Flow  of  air  through  the  combustion  chamber  is  accompanied  by  losses  of  energy 
and  losses  of  total  pressure  of  flow  [Pitot  losses].  These  losses  appear  due  to 
flow  friction  of  the  gas-air  channel  and  due  to  heat  addition  to  the  moving  gas. 

Hydraulic  losses  and  heat  addition  cause  variation  of  parameters  of  the  flow  — 
pressure,  density,  velocity  -  along  the  length  of  the  combustion  chamber  and  a  cor¬ 
responding  distribution  of  flow  rates  of  air  along  its  contours. 

Hydraulic  losses  are  composed  of  losses  due  to  friction  of  air  against  walls 
of  the  combustion  chamber  and  local  losses  —  losses  due  to  eddy  formation,  appearing 
during  flow  around  the  flame-holders,  fuel  manifold,  precombustion  chamber  and  other 
bodies  installed  in  the  chamber,  and  also  from  losses  appearing  during  mixing  of  air 
coolant  with  combu'tion  products  during  air-boundary  cooling  of  walls  of  the  combus¬ 
tion  chamber. 


FLOW  FRICTION  OF  BLUFF  BODIES  (FLAME-HOLDERS) 

Losses  of  pressure  due  to  eddy  formation  appear  mainly  during  flow  around  flame 
front  devices  —  fuel  manifold,  precombustion  chamber,  flame-holders,  mounts  of  these 
elements  to  walls  of  the  chamber,  etc.  Drop  of  total  pressure  by  the  formula 

-40- 


' 


s 


Fig.  1,15.  Dependence  of 
drag  coefficient  on  a  and  Re 
for  V-shaped  flame-holder 


with  vortex  angle  6  =  60°  in 
half-open  flow.  O  —  Re  = 

=  6-10  ;  A  -  Re  =  9-104 ; 

y  —  Re  —  13.10^  . 


where  f;  -  coefficient  of  local  flow  friction; 

w  -  flow  velocity  to  which  coefficient  of 
local  friction  is  referred. 

To  the  investigation  of  ‘'low  friction  of  bluff 
bodies  in  fluid  flow  are  dedicated  many  theoretical 
and  experimental  works;  however  up  to  now  this  ques¬ 
tion  has  not  been  finally  solved. 

It  is  known  [3]  that  during  turbulent  flow  of 
a  real  liquid,  drag  coefficient  of  a  bluff  body  cx 
depends  on  its  geometric  form,  the  degree  of  obstruc¬ 


tion  of  the  ripe  by  bluff  bodies,  relative  location  of  bluff  bodies  to  one  another 


and  to  the  wall  of  the  pipe. 


Under  conditions  of  infinite  or  half-open  flow  (bounded  by  two  walls),  drag  co¬ 
efficient  of  a  bluff  body  with  combustion  in  the  wake  behind  it  considerably  decreases 
as  compared  to  flow  without  combustion  and  depends  on  air-fuel  ratio  a.  Thus,  acr.ord- 


Kig.  1.16,  Change  of 
dimensionless  pressure 

~  =  (P  -  Pj/%,  on 

front  and  rear  surface 
of  a  flame-holder  dur¬ 
ing  combustion  and 
without  combustion  in 
ha  If -open  flow. 


ing  to  experimental  data  obtained  in  half-open  isothermal 
flow  at  Re  =  5*10^  to  11*10^,  drag  coefficient  of  a 
V-shaped  flame-holder  with  vertex  angle  P  =  60°  is  equal 
to  -1.12,  and  with  combustion  in  the  range  a  =  1.15  to  ,c 
is  correspondingly  lowered  to  0.75  to  O.85  (Fig. 
and  thus  decreases  somewhat  with  increase  of  Reynolds 
number. 

Decrease  of  drag  of  flame-holder  during  burning  tn 
its  wake  in  an  infinite  or  half-open  flow  is  explained  by 
the  fact  that  due  to  heat  emission  there  is  Increased 
pressure  in  the  stern  region,  the  flame-holder  to  be  con¬ 
siderable  degree  loses  the  properties  of  "bluffness"  and 
expenditures  of  energy  of  the  flow  on  eddy  formation 
decrease . 

In  Fig.  1.16  there  is  shown  the  pressure  distribution 
of  front  and  rear  surfaces  of  a  stabilizer  placed  in  an 


along  the  axis  of 


isothermal  flow,  and  during  combustion.  In  this  figure 
abscissas  there  is  plotted  the  dimensionless  length  of  the 


generatrix  of  the  stabilizer 


l 


and  along  the  axis  of  ordinates  —  the  dimensionless  pressure 


P-Pm 

p-— - 


j  |  -  where  p  and  p  —  static  pressure  on  surface  of  a  flame-holder 

■  ^ — T~  at  a  given  point  l  and  in  an  undisturbed 

>1^  now  lo 

*  q^  —  impact  pressure  of  undisturbed  flow  in 

p- )  -  In  pipes,  drag  of  bluff  bodies  during  combustion  and 

I  ]  J  !-  without  combustion  depends  on  degree  of  obstruction  of  the 

tiori  of^iow^riction"  area  of  cross  sectlon  of  the  piPe  by  these  bodies  7  = 

coefficient  of  flame-  F 

holders.  =  . «2Z.  With  increase  of  degree  of  obstruction  of  the  pipe 

fTp 

there  is  increased  drag  of  the  flame-holders  in  a  cold  flow,  and,  to  still  a  higher 
degree,  their  drag  during  combustion.  Thus  drag  during  combustion  can  become  equal 
to  or  even  higher  than  drag  in  the  cold  flow.  There  are  known  experimental  data, 
according  to  which  drag  coefficient  of  a  flat  disk  d  =  47  mm,  fixed  in  a  pipe  d  = 

-  57  mm,  during  flow  around  it  by  a  cold  flow,  is  equal  to  ~1.5,  and  during  combus¬ 
tion  (o  =  1.7)  increases  to  3.0. 

During  flow  in  closed  channels  of  uniform  cross  section,  the  relation  between 
drag  coefficient  of  the  bluff  body 


21? 

t+Fc r’ 


(l.'uO) 


where  R  —  drag  force  in  kg/m  ,  and  the  local  flow  friction  coefficient 

p-* 

can  be  found  from  consideration  of  the  momentum  equation  and  Bernoulli's  equation. 
According  to  the  momentum  equation,  the  resultant  of  aerodynamic  forces,  acting 


on  the  bluff  body  (Fig.  1.17c)  is 


R  -  IpFjp  —  p, w,  (w2  -  Fn, 


(1.51) 


where  Ap  -  -  Pg  —  brop  of  static  pressures  caused  by  local  friction,  in  kg/m  ; 

w.  and  Wp  —  respectively  average  flow  velocity  in  cross  sections  1  and  2  — 
before  and  after  the  bluff  body  —  in  m/sec; 

2/4 

—  air  density  in  cross  section  1-1  in  kg-sec  /m  ; 

p 

F__  —  area  of  transverse  cross  section  of  the  pipe  in  m  . 

Tp 
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According  to  the  Bernoulli  equation,  for  sections  1-1  and  2-2  it  is  possible 


to  write 


Ip-Pl'-Pi  -*Pt  + 


W» 

2  2 


(1.5?) 


Placing  in  (1.51)  the  value  of  R  from  (1,50)  and  of  Ap  from  (1.5?),  we  obtain 

.  P„  »  ,  Pi®t  h»i  .  . 

C‘~Y~  1^"**  +  ~2 - 2 - «■*<%-  ®t) 

or  after  certain  transformations  with  the  use  of  the  continuity  equation 


frm  Mi:  Pi 


whence 


H 


(1.55) 


For  an  incompressible  liquid  (p^  =  p^)  we  will  have 


(1.54) 


As  Kuptsov  showed,  losses  of  total  pressure  during  flow  around  flame-holders 
in  a  pipe  can  be  considered  as  losses  due  to  sudden  expansion.  During  flow  of  an 
incompressible  liquid  in  a  channel  with  sudden  expansion  (Fig.  1.17a),  losses  of 


ressure  are  determined  by  the  formula  of  Borda 


(i.r'r‘) 


It  is  obvious  that  the  relationship  will  also  be  valid  in  the  case  of  the  flow 
shown  in  Fig.  1.17b.  For  this  case  F^  is  the  area  of  the  ring  between  walls  of  the 
i  ipe  and  the  central  body.  It  is  possible  to  expect  that  such  o  relationship  will 
also  determine  losses  of  pressure  and  during  flow  around  a  flame-holder  fixed  in 
the  center  of  a  pipe  (Fig.  lJ7c)»  but  in  formula  (1.55)  instead  of  velocity  wQ  — 
in  the  narrowest  section  of  the  stream,  which  is  located  at  a  certain  distance  from 
the  flame-holder.  Magnitude  of  compression  of  the  stream,  which  we  will  estimate 
by  contraction  coefficient  of  the  stream 


basically  depends  on  geometric  form  of  the  body  in  the  flow.  If  the  front  part  of 
the  body  ends  in  a  section  whose  walls  are  parallel  to  the  walls  of  the  pipe,  then 
the  fluid  flow  is  not  subjected  to  additional  compression  and  a  =  1.0.  During  flow 
around  a  flat  obstacle  (disk  or  plate  fixed  perpendicularly  to  the  axis  of  the  pipe), 
there  occurs  maximum  compression  of  the  stream  and  coefficient  a  has  maximum  value. 
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In  work  [3]  It  is  shown  that  during  flow  through  a  hole  in  a  diaphragm  from 
one  channel  into  another  or  into  free  space,  the  contraction  coefficient  of  the 


stream  is  determined  by  the  formula 


«  — 


1  + 


(1.56) 


where  q  —  damping  coefficient  of  the  inlet  depends  on  viscosity  of  the  liquid, 
geometric  form  of  the  body,  rounding  of  edges  of  the  hole  in  the  diaphragm,  etc. 

Thus,  during  flow  around  a  flame-holder,  expression  (1.55)  will  be  written  in 
the  following  form: 

Whence,  referring  loss  factor  to  impact  pressure  in  section  1-1  and  disregarding 
change  of  density  on  section  1-2,  we  will  have 


(1.57) 


For  an  incompressible  liquid,  in  (1.57)  the  velocity  ratio  can  be  replaced  by 
the  area  ratio;  then 

Ft  \* 


If  we  take  into  account  (1.56),  we  can  write  the  last  expression  in  the  following 
form: 


or  finally 


(1.58) 


If  the  drag  coefficient  is  referred  not  to  impact  pressure  in  section  1-1,  but 
to  impact  pressure  of  the  incident  flow,  then  for  incompressible  liquid  we  will  have 


(1.59) 


For  V-shaped  and  conical  flame-holders  ’ocated  in  an  air  flow,  damping  coeffi¬ 
cient  of  the  inlet  depends  only  on  the  vertex  angle  of  these  f lame-nolders  {3°.  Ex¬ 
perimental  dependences  q  =  f(0)  are  shown  in  Fig.  1.18. 

Relationships  (1.58)  and  (1.59)  may  also  be  used  for  calculation  of  flow  fric¬ 
tion  of  an  array  of  flame-holders  located  in  one  plane  or  echeloned  along  the  length 
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Fij>;.  1,18.  Damping  coef¬ 
ficient  of  inlet  tj  =  f(0) 
for  flame-holders:  1  — 
conical,  2  —  V-shaped. 


of  the  combustion  chamber.  In  the  first  case  7j,j  is 
determined  by  the  total  area  of  all  flame-holders, 
but  £  is  calculated  by  (1.59).  With  echeloned  place¬ 
ment  of  flame-holders  in  the  pipe,  if  the  distance 
between  them  (along  axis  of  pipe)  is  equal  to  or  larger 
then  length  of  the  zone  of  counter  currents  (with  cold 
flows  the  length  of  the  zone  of  counter  currents  is 
equal  to  1. 5-2.0  heights  of  the  flame-holders),  drag 
coefficient  of  the  array  will  be  equal  to  the  sum  of 
drag  coefficients  of  each  flame-holder.  If  axial  dis¬ 
tance  between  flame-holders  is  less  than  length  of 


zone  of  counter  currents,  drag  of  the  array  will  be  increased. 

As  was  shown,  flow  friction  of  stabilizers  during  combustion  can  be  smaller 
than,  equal  to  or  larger  than  friction  flow  during  cold  flow  due  to  change  of  the 
contraction  coefficient  of  the  stream,  which  depends  basically  on  degree  of  blockage 
of  the  pipe  and,  to  a  smaller  degree  on  relative  increase  of  the  temperature  of  the 
flow  i  -  T0r/Tcx  *  Functional  dependence  of  £  on  7  and  t  at  present  has  not  been 
established.  However,  experience  shows  that  at  7^  s  0.5,  coefficient  of  flow  fric¬ 
tion  of  flame-holders  during  cold  flow  and  during  combustion  remains  practically 
the  same . 


Flow  Friction  of  Fuel  Manifold  and  Mounting  Elements 
~frlame  Front  Devices  to  Walls  of  Combustion  Chamber 

In  combustion  chambers  of  ramjet  engines  and  afterburners  of  turbojet  engine:,, 
fuel  manifold  is  usally  made  from  pipes  of  round  or  elliptic  shape,  which  in  the 
form  of  rings  or  radial  branches  are  located  In  the  same  plane  or  echeloned  along 
the  length  of  the  combustion  chamber  at  certain  distances  ahead  of  the  flame-holders, 
f recombustion  chamber,  flame-holders  and  fuel  manifold  are  fastened  to  walls  of 
combustion  chamber  with  help  of  braces  or  pylons. 

It  is  possible  to  calculate  losses  of  pressure  on  these  elements  by  means  of 
the  formula 

**  -  t-*f- 

Resistance  of  such  bodies  during  external  flowing  around  them  is  usually  esti¬ 
mated  by  the  drag  coefficient  cx<  The  relation  between  i  and  cy  is  established  by 


relationships  (1.53)  or  (1.54).  Values  of  cx  for  certain  bodies  are  given  in 
Table  1.2  (plane-parallel  flow)  [4], 


Table  1.2.  Values  of  Drag  Coefficients  for  Different 
Bodies 


Type- 

Diagram 

Be 

fl 

Parameters 

Circular. 

cylinder 

■i 

>8- 10* 
<5- 10* 

0,3— 0,4 

I.I 

Wire 

1.1 

Plate  with 
edges 
rounded 
along  the 
arc  of  a 
circle. 

8- 19 

8-10* 

0.7* 

0,68 

Y  -0,0333 

Profiles  of 

MO* 

0,103 

~  -0.083 

different 

thickness 

a 

“ -0.125 

0,060 

~*  —0,107 

Profiled  wire, 
pipe,  and  bo 
forth 

• 

3-I0*-*- 

10* 

0. 3-0.4 

Profiled  steel 
pipe  (drop- 

wZzZZaSS&T 

8- 10* 

0.* 

-f-0.5 

shaped 
profile) . 

Cl3 

0,1 

Y  —0,33 

Taking  into  account  (1.54),  it  is  possible  to  estimate  hydraulic  losses  on 
fuel  manifold,  mounting  braces,  and  so  forth,  by  the  formula 


Total Pressure  Losses  in  Combustion  Chamber 


Total  coefficient  of  flow  friction  of  combustion  chamber 


'Wsw.'SW1  -ww*- 


where  —  2um  of  a11  hydraulic  losses  on  friction  of  gas  against  walls  and 

Piw? 

local  losses  on  flame-holders,  precombustion  chamber,  fuel  manifold,  etc.;  .  .  — 

average  impact  pressure  of  flow  of  air  at  entrance  to  combustion  chamber. 

The  "specific  weights"  of  different  components  in  the  total  sura  of  hydraulic 
losses  are  unequal. 

The  main  fraction  of  the  total  hydraulic  losses  is  composed  of  losses  on  the 
flame -holde rs .  Friction  losses,  local  losses  on  the  fuel  manifold  and  structural 
elements  are  so  insignificant  that  in  engineering  calculations  it  is  possible  to 
disregard  them.  However,  we  should  emphasize  that  losses  due  to  friction  of  air 
against  the  walls  in  an  annular  channel,  in  spite  of  their  relatively  small  magni¬ 
tude  in  the  total  balance  of  losses,  very  significantly  affect  the  distribution  of 
flow  rates  of  air  along  the  contours  of  the  combustion  chambers  when  they  are 
referred  to  the  entire  flow  rate  of  air  through  the  chamber,  and  therefore  have  to 
be  carefully  determined. 

Pitot  losses  in  the  combustion  chamber  are  expressed  by  the  pressure  coefficient 
oK<c.  Pitot  losses  caused  by  flow  friction  of  the  combustion  chamber  are  determined 
by  the  relationship 

.  ~ 

V  c.  ni»  “  *  _  . • 

.Pu 

9 

In  §  2,  Chapter  I,  it  was  shown  that  heat  addition  to  a  moving  gas  is  also  accompanied 
by  Pitot  losses,  which  are  Increased  with  increase  of  flow  velocity  and  degree  of 
preheating  of  the  gas.  These  losses  are  determined  by  the  formula 


Overall  hydraulic  and  thermal  losses  of  total  pressure  can  be  evaluated  by  the 
total  pressure  coefficient 


«.*“•«.  e.  nup"  V  «.  wu  • 
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CHAPTER  II 


CARBURETION 

§  1.  GENEfRAL  CHARACTERISTICS  OF  CARBURETION  PROCESSES 

Carburetion  is  the  primary  preparatory  process  in  combustion  chambers  in  air- 
breathing  jet  engines  (BP#).  As  a  result  of  this  process  liquid  and  vapor  fuel 
are  distributed  over  a  given  volume  of  the  chamber  in  definite  concentrations,  which 
are  able  to  support  the  chemical  reaction  of  burning.  Range  of  stable  operation  of 
the  chamber  and  rate  of  combustion,  as  well  as  other  factors  (temperature  of  the 
medium,  turbulence  in  the  flow  and  others),  depend  on  the  quality  of  the  mixture  on 
local  air-fuel  ratios,  relationship  between  vapor  nd  liquid  phase,  dimensions  and 
velocity  of  the  drops,  etc.  Atomization  by  injectors  is  the  most  wide-spread  method 
of  introduction  of  fuel  into  the  chamber.  Along  with  swirl  injectors,  which  give 
a  comparatively  wide  cone  of  fuel,  there  are  successfully  applied  direct-spray 
atomizers,  the  axis  of  "'hich  is  set  at  a  certain  angle  to  the  flow. 

Carburetion  represents  a  complicated  complex  of  separate  elementary  processes 
interacting  with  each  other.  Let  us  trace  the  sequence  of  these  processes  in  the 
jet  of  a  single  atomizer. 

Fuel  in  the  form  of  cylindrical  stream  or  the  sheet  of  a  swirl  injector  enters 
the  flow  passing  through  the  chamber.  Usually  at  a  small  distance  from  the  place 
of  injection  (0.5-10  mm)  disintegration  of  the  stream  is  completed.  From  this  moment, 
drops  start  to  move  along  definite  trajectories  as  a  system  of  separate  material 
particles.  Simultaneously  with  entrainment  of  drops  by  the  flow,  they  are  heated 
by  the  heat  of  the  surrounding  medium  (or  are  cooled,  for  instance,  for  heated  fuel) 
and  are  vaporized. 

The  system  of  moving  particles  determines  the  profile  of  concentrations  or 
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specific  flows  of  liquid  fuel,  and  vapor  mixed  with  air  creates  a  distribution  of 
concentrations  of  gaseous  fuel  mixture.  Vaporized  drops  upon  approach  to  the  flame- 
holders  partially  settle  on  their  surfaces,  and  partially  penetrate  into  the  zone 
of  burning. 

Experience  shows  that  a  sta  ;  and  Intense  process  of  burning  in  the  chamber 
of  an  air-breathing  Jet  engine  .  .  be  organized  for  a  mixture  which  is  close  to 

homogeneous  (with  small  contents  or  complete  absence  of  liquid  phase),  as  well  as 
for  a  mixture  proceeding  into  the  flame  zone  with  a  large  percentage  of  vaporized 
fuel  (30  to  60#).  In  the  latter  case  there  appear  local  regions  of  fuel  concentra¬ 
tions,  and  drops  in  the  flame  are  quickly  vaporized,  supporting  the  process  of  com¬ 
bustion.  When  speeds  of  the  drops  are  low  and  the  level  of  turbulence  of  the  flow 
is  low,  sometimes  diffusion  burning  of  liquid  particles  or  burning  of  vapor  in  the 
stern  zone  after  the  drop  is  possible.  In  the  flame  front  and  behind  it,  liquid 
particles,  already  losing  their  relative  speed,  again  fall  into  the  zone  of  high 
relative  speeds  (flow  of  hot  gases  is  accelerated  with  combustion  of  the  mixture) 
and  can  be  subjected  to  a  further  process  of  splitting. 

The  method  of  calculation  proposed  in  the  present  work  permits  rational  choice 
of  type  and  location  of  injectors  in  the  chamber,  type  of  fuel  and  its  initial 
temperature  and  also  allows  estimation  of  necessary  length  of  the  section  of  prepara¬ 
tion  of  the  mixture.  Certain  results  on  analysis  of  elementary  processes  (as  already 
has  been  said)  can  appear  useful  in  other  regions  of  technology  (boiler  and  gas 
turbine  installations,  devices  for  cooling  of  hot  flows  of  gas,  apparatus  of  the 
chemical  industry  and  others). 

§  2.  DISINTEGRATION  OF  A  JET  OF  LIQUID,  SPLITTING  UP 
AND  DEFORMATION  OF  DROPS  IN  A  FLOW  OF  AIR 

The  task  of  atomization  is  distribution  of  fuel  by  a  certain  method  in  the 
volume  of  a  combustion  chamber  and  increase  of  the  surface  area  of  liquid  for  the 
purpose  of  intensification  of  vaporization.  The  process  >f  disintegration  of  liquid 
streams  is  very  complicated.  In  spite  of  numerous  works,  there  still  is  absent  a 
theory  of  atomization  useful  for  determination  of  the  spectrum  of  drops  in  the 
combustion  chamber  of  an  air-breathing  jet  engine.  However,  observation  and 
theoretical  analysis  permit  representation  of  this  phenomenon  in  broad  terms.  Dis¬ 
integration  of  a  stream  in  its  initial  phase  occurs  due  to  instability  of  motion 
of  the  liquid  due  to  the  influence  of  small  perturbations.  As  their  source  serves 


First  group/JJ^ 
of  waves 


.Second  group 
of  waves 


r/vvv-, 


■***«»  ’  ”’r'T'  t 


Fig.  2.1.  Diagram  of  disintegration  during  outflow 
of  a  liquid  jet.  1  —  development  of  symmetric  per¬ 
turbations;  2  —  development  of  antisymmetric  pertur¬ 
bations;  3  —  cylindrical  jet,  superposition  of  sym¬ 
metric  and  antisymmetric  perturbations;  antisymmet¬ 
ric  perturbations  increase  faster,  Ap  =  7  atm  (abs.)j 
4  —  liquid  sheet  (long-wave  perturbations). 


roughness  of  the  nozzle  surface,  deviation  of  the  outlet  contour  from  a  perfect 
circle,  vibrations,  turbulent  pulsation  in  the  liquid  and  environment,  etc. 

Amplitudes  of  waves  of  small  oscillations  appearing  in  the  liquid  rapidly  in¬ 
crease,  causing  considerable  deflection  of  flow  lines  of  perturbed  motion  from 
initial  flow  lines.  This  causes  sharp  change  of  the  configuration  of  the  stream 
and  disintegration  of  it  into  separate  parts.  The  initial  phase  of  the  process  has 
certain  features  in  common  with  the  phenomenon  of  the  arising  of  turbulent  flow  from 
laminar  flow.  Intermediate  formations  ’and  drops  obtained  after  disintegration  can 
be  subjected  to  further  disintegration  and  splitting. 

For  explanation  of  the  mechanism  of  the  process  of  atomization,  we  will  at  first 
consider  the  case  of  a  cylindrical  jet. 

For  the  first  time  the  problem  of  disintegration  of  a  motionless  infinitely 
extended  liquid  cylinder  without  the  influence  of  an  external  medium  was  solved  by 
Rayleigh  in  IU78  [1],  Let  us  give  the  basic  physical  premises  of  this  solution: 

1)  wave  of  increasing  amplitude  constitutes  a  future  drop,  i.e.,  the  developing 
wave  is  separated  from  the  stream  in  the  form  of  a  particle  (Fig.  2.1);  thus,  the 
order  of  magnitude  of  the  drop  is  determined  by  the  wavelength  of  the  unstable 
oscillation; 

2)  of  all  possible  waves  of  perturbations  superimposed  on  the  stream,  there 
is  developed  only  one,  the  rate  of  increase  of  perturbations  of  which  has  a  maximum 
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(maximum  of  Increment  of  Increase).  Such  a  wave  of  length  XQnir  is  called  "optimum}" 
3)  during  solution  of  the  problem  (by  the  method  of  small  perturbations),  the 


optimum  wave  XQnT  is  in  the  linear  region  corresponding  to  the  initial  moment  of 

motion,  when  amplitudes  of  oscillations  are  still  small  as  compared  to  diameter  of 

t 

the  stream.  Further,  it  is  assumed  that  in  the  nonlinear  region,  where  developing 

amplitudes  of  oscillations  no  longer  can  be  considered  to  be  small,  length  of  the 

optimum  wave  is  retained.  This  assumption  sometimes  is  called  the  Rayleigh  hypoth- 

esis.  Zt  is  used  in  hydrodynamics  during  solution  of  analogous  problems  of  stability. 

Rayleigh  found  that  long-wave  oscillations  X  2  2iraQ  (aQ  — 

radius  of  the  stream)  are  unstable,  and  X  _  -  4.508*2a  . 

'  on?  c 

Results  of  further  theoretical  analysis  [2]  and  investi¬ 
gation  with  the  help  of  spark  photography  showed  that  the 
form  of  development  of  instability  is  changed  with  increase 
of  outflow  velocity  relative  to  the  surrounding  medium. 

Symmetric  perturbations  1  (Fig.  2.1)  are  gradually  re¬ 
placed  by  antisymmetric  perturbations  2  (deformations  of 

ig.  2.2,  Form  of 

surface  of  stream  stream  axis).  Then  there  appears  an  intermediate  regime  of 

near  the  nozzle  of 

a  swirl  injector.  flow  3,  when  there  simultaneously  exist  both  types  of  waves 

Water,  ^p  - 
=  3  atm  (gage). 


=  3  atm  (gage).  (there  are  developed  more  complicated  forms,  helically  sym¬ 

metric,  tangential,  etc.).  Subsequently  there  occurs  the  atomization  regime,  in 
which  perturbations  of  shorter  and  shorter  waves  become  unstable  and  start  to  in¬ 
crease,  their  crests  break  off  from  the  liquid  surface  in  the  form  of  a  great  number 
of  tiny  particles . 


Thus  there  is  created  a  whole  spectrum  oi  drops  of  different  fineness.  Optimum 


wavelength  of  oscillations  characterizing  the  most  probable  dimension  of  drops  in 
the  spectrum  shifts  to  the  region  of  small  waves  (fineness  of  drops  increases  with 
increase  of  outflow  velocity).  Let  us  now  turn  to  disintegration  of  the  sheet  of 
liquid  ensuing  for  a  swirl  injector.*  It  is  known  that  the  boundaries  of  the  liquid 
sheet  after  leaving  the  nozzle  of  the  injector  (Fig.  2.2)  are  close  to  the  surfaces 
of  hyperboloids  of  one  sheet.  In  approximate  consideration,  they  can  be  considered 
conical;  their  vertex  angle  is  close  to  the  angle  of  atomization  (spray  anp.le). 


•Here  there  is  not  considered  the  mathematical  solution  of  the  problem  of  dis¬ 
integration.  It,  as  is  known,  consists  of  application  of  the  method  of  small  per¬ 
turbations  to  hydrodynamic  equations  of  motion  of  a  stream  or  sheet  (for  instance, 
the  Ruler  equation)  and  boundary  conditions  on  the  liquid  —  gas  boundary  (taking 
into  account  surface  tension). 


Fig.  2.3.  Outflow  form  swirl  injector  (spark  photographs).  Water, 
a)  Ap  =  2.8  atm  (gage);  b)  Ap  =  3.0  atm  (gage);  c)  Ap  «• 

■  10  atm  (gage)  x  2,  =  3  mm;  d)  Ap  =  1  atm  (gage);  e)  Ap  - 

=  3  atm  (gage);  f)  Ap  r-  5  atm  (gage);  g)  Ap  =  30  atm  (gage),  dc  = 

=  O.83  mm. 

Numerous  spark  photographs  show  that  there  always  exists  a  certain  small  initial 
section  of  nondisintegrated  and  little  perturbed  stream.  With  outflow,  on  the  sheet 
there  are  developed  waves  of  perturbations  whose  amplitudes  rapidly  increase 
(Fig.  2.3). 

On  the  sheet,  in  general,  it  is  possible  to  reveal  two  groups  of  waves  (see 
Fig.  2.1).  Contours  of  crests  of  the  first  group,  travelling  downstream,  are  seen 
on  the  external  boundary  of  the  stream.  These  waves  tend  to  divide  the  sheet  into 
a  system  of  rings,  as  if  strung  on  the  axis  of  the  injector.  The  second  group  of 
waves  goes  in  the  tangential  direction,  i.e.,  transverse  motion  of  the  stream  (per¬ 
pendicular  to  the  first  group);  waves  tend  to  divide  the  sheet  into  a  sheet  of 
streams  diverging  in  a  fan-like  manner  from  the  center  of  the  nozzle.  The  tendency 
to  formation  of  waves  of  both  groups  can  be  seen,  for  instance,  in  Fig.  2.3c;  here 
there  predominates  the  annular  form  of  disintegration,  i.e.,  rate  of  increase  of 
amplitude  of  waves  of  the  first  group  exceeds  the  rate  of  growth  of  the  second. 

In  the  place  of  disintegration  of  the  sheet  (there  are  excluded  smallest  feed 
pressures,  at  which  the  sheet  after  outflow  is  again  closed,  the  so-called  "bubble" 
regime  —  Fig.  2.3d),  there  are  usually  discovered  liquid  rings  with  a  wavy  outline, 
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surrounding  the  axis  of  the  Injector.  Consequently,  ring  constitutes  a  separated 
crest  of  an  annular  wave  of  an  antisymmetric  perturbation  (see  Fig.  2.1).  As  it  is 
known,  a  liquid  ring,  similarly  to  a  liquid  cylinder  is  an  unstable  form  and  is  again 
broken  up  Into  drops. 

With  Increase  of  relative  outflow  velocity  (Fig.  2.3d  and  g),  the  wavelength 
of  unstable  perturbation  (analogously  to  what  was  said  for  the  cylindrical  stream) 
decreases.  This  corresponds  to  decrease  of  thickness  of  the  liquid  ring  and,  con¬ 
sequently,  of  dimensions  of  the  obtained  drops.* 

Finally,  at  sufficiently  high  speeo,  there  occurs  the  atomization  regime;  from 
the  surface  of  the  stream  break  off  crests  of  the  smallest  waves  in  the  form  of  a 
swam  of  drops,  before  the  ring  has  time  to  be  completely  formed  (Fig.  2.3g).  This 
is  especially  characteristic  during  atomization  in  a  flow  of  air.  As  already  has 
been  said,  drops  can  then  be  formed  during  disintegration  split  up  as  a  result  of 
influence  of  the  surrounding  flow. 

Let  us  consider  separately  the  process  of  splitting  up  of  an  isolated  drop. 

On  the  surface  of  the  liquid  particle  with  the  flow  passing  around  it,  there  is 
created  a  distribution  of  pressures  (close  to  the  distribution  on  a  sphere)  which 
the  drop.  For  a  definite  relationship  between  parameters,  external  forces 
overcome  the  force  of  surface  tension,  causing  splitting  up  of  the  drop.  The  process 
of  disintegration  of  drops  has  been  studied  by  a  number  of  the  authors.  Experimentally 
there  was  established  a  simple  criterial  relations*1^  [3],  which  determines  the 
range  of  reg.».ines  corresponding  to  splitting  up.  It  is  valid  for  comparatively 
large  drops  (a  =  1.5  to  2  mm)  of  different  liquids  (mercury,  water,  alcohol)  in  a 
flow  of  gas } 

-  const  -  D,  (2-1) 

■ 

where  a  and  o  —  diameter  and  coefficient  of  surface  tension  of  the  drop; 

Pr  —  density  of  surrounding  gas; 
w  —  flow  rate. 

Parameter  D  is  called  the  deformation  criterion,  splitting  criterion  or  Weber 
number  and  consitutes  the  ratio  of  quantities  proportional  to  the  aerodynamic 

*The  considered  scheme  is,  of  courso,  ideal.  In  reality  the  sheet  of  the  still 
incompletely  separated  ring  are  broken  at  the  "weak"  point,  and  there  are  frequently 
observed  segments  of  distorted  liquid  filaments. 


pressure  of  flow  on  the  drop  and  pressure  of  surface  tension. 

Experiment  has  shown  that  at  D  <  10.7,  the  drop  is  deformed,  but  still  does 
not  disintegrate  in  the  flowj  at  D  »  10.7  there  is  attained  the  power  limit  of 

*  4* 

splitting  and  the  drop  is  split  (of  the  total  number  of  particles  10-20$  decay). 

With  increase  of  D  in  the  interval  10,7  i  D  <  14,  the  drop  divides  into  3,  4,  5* 
etc.,  small  drops,  and  the  percentage  of  split-up  drops  increases.  For  D  close  to 

te 

or  equal  to  14,  there  is  attained  the  upper  limit  of  splitting,  100$  of  the  drops 
are  split  into  a  great  number  of  small  particles  (regime  of  atomization  of  the 
drop).  The  formed  spectrum  of  drops  will  be  smaller,  the  larger  the  magnitude  of 
D.  The  regime  of  splitting  is  maintained  at  all  D  >  14. 

In  the  literature  sometimes  there  are  also  given  other  values  of  the  experimen¬ 
tal  constant  D  which  are  close  in  order  of  magnitude  to  the  above-indicated  values. 

With  cinematographic  study  of  the  process  of 
disintegration  of  drops  in  a  flow  (with  deter¬ 
mination  of  the  speed  of  entrainment  of  the 
drop),  there  is  obtained  a  minimum  value  of 
D  **  9.  The  physical  cause  of  disintegration 
of  the  drop  is  that,  its  deformation  attains 
a  so-called  critical  phase  [4],  when  the  shape 
of  the  drop  sharply  changes  and  becomes  unstable 
relative  to  small  perturbations .  A  spherical 

2 

drop  under  the  action  of  pressures  on  its  sur¬ 
face  is  turned  into  a  body  close  to  an  ellipsoid 
(with  major  axis  perpendicular  to  the  flow), 
which  is  more  and  more  flattened.  At  a  definite 
critical  ratio  of  semiaxis,  the  ellipsoid  starts 
■  to  be  punched  through  in  its  center  and  rapidly 
becomes  a  liquid  ring,  which  is,  as  it  is 

•  known,  an  unstable  form,  which  disintegrates 

i 

i  into  drops. 

•  In  Fig.  2.4  there  are  given  consecutive 

Fig.  2.4.  Consecutive  phases  of  phases  cf  deformation  of  a  drop,  formation  of 
destruction  of  a  drop  [28], 

1-11  —  phases;  the  arrow  indi-  the  ring,  and  its  disintegration.  Thus,  D  « 

cates  direction  of  flow. 

■  I)  -  10.7;  14  corresponds  to  values  of  the 


* 


critical  phase  of  deformation  at  the  lower  and  upper  limits  of  stability. 

When  the  drop  falls  into  a  flow,  aerodynamic  forces  deform  and  simultaneously 
entrain  it}  relative  speed  and  parameter  D  thus  decrease.  If  time  of  acheivement 
of  the  critical  phase  of  deformation  is  less  than  the  time  of  its  entrainment  to 

level  D  ,  then  there  will  occur  splitting.  If  the  time  of  achievement  of  critical 

xp 

phase  is  longer  than  the  time  of  entrainment  of  the  drop  to  level  D  ,  deformation, 

Kp 

after  attaining  a  certain  maximum,  will  start  to  gradually  decrease  and  the  drop 
will  again,  as  relative  speed  decreases,  near  the  shape  of  a  sphere.  Time  of  achive- 
ment  of  critical  phase  can  be  approximately  estimated  by  the  formula 


(2.2) 


which  is  obtained  on  the  assumption  of  small  change  of  relative  speed  of  the  drop; 

yr  are  specific  gravities  of  liquid  and  gas  (uQ  —  initial  relative  velocity  of 
the  drop). 

Let  us  consider  characteristics  of  splitting  of  a  drop  entrained  in  a  gas  flow 
[4],  We  will  determine  speed  of  the  uniform  flow  w  around  the  drop,  which  does  not 
have  an  initial  velocity,  and  deforms  it  up  to  the  phase  of  disintegration;  if  the 
drop  possesses  initial  velocity  VQ  along  the  flow,  then  it  is  necessary  to  determine 
the  initial  relative  velocity  uQ  =  (w  =  7^) . 

During  flow  around  the  drop  drag  coefficient  cx  and  its  middle  section  f  change 
due  to  deformation.  We  will  replace  these  variable  parameters  by  unknown  average 
constants  c";  7  for  simplification  of  the  problem: 


where  a  —  average  middle  diameter  of  deformed  drop, 
cp 

The  equation  of  the  motion  of  center  of  mass  of  the  drop  projected  on  the  flow 
axis  has  the  form 


where  e 


T 

T 


*f_ 

* 


» 


—  can  be  called  the  center  section  coefficient  of  the  drop; 


u  —  relative  velocity 


Finally  the  equation  of  motion  will  be  written  in  the  form 

«-44£-  (j-5> 

After  integration  of  equation  (2.4)  for  boundary  conditions  t  -  0;  V  ■  0  and 
n  =  const,  we  will  obtain 


(2.6) 


We  will  compose  an  approximate  expression  for  average  rate  of  deformation  of 
the  drop.  The  drop  in  its  critical  phase  of  deformation  takes  a  certain  fully 
definite  form,  which  depends  on  the  diameter  of  the  initial  spherical  drop. 

Let  us  assume  that  y  is  the  displacement  of  some  characteristic  point  of  the 
surface  of  the  deformed  drop  in  fractions  of  its  initial  radius  in  the  system  of 
coordinates  connected  with  the  center  of  mass  of  the  drop.  As  such  a  characteristic 
point  it  is  possible  to  take,  for  instance,  the  stagnation  point  of  the  drop  in  the 
flow.  If  —  time  from  beginning  motion  of  drop  in  the  flow  to  the  critical  phase, 
then  average  rate  of  deformation  will  be 


where  the  unknown  quantity  y  lies  within  the  interval 

0  <  y  <  1.  (2.8) 

In  this  state  the  drop  acquires  the  form  of  a  body  which  is  unstable  with 
respect  to  small  perturbations,  as  a  result  of  development  of  which  it  disintegrates 
Let  us  write  the  system  of  equations  for  the  critical  phase  of  deformations 


m—u 


(2.9) 


where  u  —  relative  flow  velocity  in  the  critical  stage  of  deformation.  Eliminating 
from  system  (2.9)  quantities  and  u,  we  will  obtain  the  following  dependence  for 
the  unknown  parameter: 


*We  assume  that  the  particular  relationship  (2.1)  turns  out  to  be  universal  for 
the  critical  stage  of  deformation  of  any  drop.  In  the  case  of  large  drops  u  *  w. 
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In  the  formula  there  is  contained  the  complex  of  unknown  quantities  cey/V^g^, 
which  are  difficult  to  determine  within  the  framework  of  elementary  theory. 

In  work  [4]  there  is  given  a  description  of  the  method  and  results  of  experi¬ 
ments  in  determination  of  regimes  of  splitting  up  of  quite  small  drops  entrained  in 
a  flow  of  air.  Comparison  of  expression  (2.10)  with  the  empirical  curve  w  =  <p(a), 
given  in  work  [4]  shows  that  the  unknown  complex  of  quantities  can  be  found  and 
taken  to  be  approximately  constant  for  a  given  kind  of  liquid  within  quite  a  wide 
range  of  values  of  diameters  a,  250  §  a  s  2500  u.  Consequently, 

/75-t —  -p-  -  const.  (2.11) 

■  Pm  Y  ft  **+ 

The  obtained  constant  has  two  values  for  regimes  of  splitting  and  atomization. 

Let  us  designate  the  constant  in  expression  (2.11)  by  then  as  a -*  amln  w  -*  oo. 

Thus,  for  every  liquid  there  exists  a  particle  of  such  small  diameter  amln  that  a 
drop  of  equal  or  smaller  dimension  no  longer  can  be  split-up  by  any  gas  flow.  It 
is  natural  that  determination  of  will  be  correct  only  insofar  as  formula  (2.11) 

is  valid  for  the  entire  region  of  small  values  of  diameters  of  the  drops.  This  means 
that  the  smaller  the  diameter  of  a  drop  landing  in  the  flow,  the  greater  its  accelera¬ 
tion  and  the  less  its  deformation  under  the  influence  of  the  flow.  It  is  obvious 
that  at  a  s  amin  the  particle  will  be  entrained  in  the  flow  before  the  critical 
phase  of  deformation  can  be  attained.  In  this  case,  the  time  in  which  the  drop 


entrained  in  the  flow  will  lose  its  relative  velocity  will  become  less  than  the 
time  passing  before  the  phase  of  deformation.*  Equation  (2.10)  in  dimensionless 
parameters  will  take  the  form 


where  D 


10.7  —  at  the  lower  limit  of  stability; 


(2.12) 


D  =  14  —  at  the  upper  limit  of  stability. 


*The  assumption  about  the  existence  of  a  limiting  small  value  of  diameter  of  the 
drop  am^n  may,  of  course,  be  incorrect  for  the  case  of  motion  of  a  drop  in  a  flow 

which  is  variable  in  velocity  (for  instance,  in  accelerated  flows). 
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Fig.  2.5,  Splitting  up  of 
a  flow  of  air.  Mercury, 
a  =  3.17  mm.  a)  splitting 
is  absent,  w  =  35  m/sec ; 
b)  regime  of  splitting, 
w  =  37  m/sec ;  c )  regime  is 
of  atomization,  w  = 

=  40  n^sec;  d)  formation 
of  lift,  w  =  60  tn/sec. 


rn/sec. 


At  a  s  1.5-2  mm,  the  denominator  in  the  right 
side  of  the  equation  in  practice  is  close  to  unity; 
therefore,  we  obtain  a  particular  form  of  the  rela¬ 
tionship  —  formula  (2.1),  which  is  valid  for  large 
drops.  For  instance,  for  drops  of  alcohol  in  a  flow 
of  air  amin  =  59;  104  p  (respectively  regimes  of  split¬ 
ting  and  atomization).  The  quantity  amln  within  itself 
does  not  determine  minimum  diameters  in  atomization 
spectra  of  liquids.  In  the  process  of  splitting  of 
a  drop,  besides  the  main  secondary  drops,  there  are 
formed  very  small  particles  —  this  is  the  result  of 
disintegration  of  the  liquid  film  appearing  during 
destruction  of  the  initial  drop.  Particles  into  which 
the  drop  is  split-up  in  regimes  lying  above  the  upper 
boundary  of  stability  (at  D  >  14)  may  also  be  less 

than  amin  * 

In  Fig.  2.5  there  is  shown  disintegration  of  drops 
of  mercury  introduced  into  a  flow  of  air.  Photography 
was  conducted  in  a  darkened  room  with  objective  lens 
open  and  side  illumination.  A  beam  of  light  from  the 
illuminator,  reflected  by  the  drop,  passed  through  the 
objective  and  traced  the  trajectory  of  motion  on  a 


photographic  plate,  giving  an  image  of  the  point  of  disintegration.* 

For  large  drops,  1.5  to  3  mm,  the  velocity  corresponding  to  critical  phase  and 
entering  into  criterion  D,  is  close  to  the  initial  velocity  of  the  flowing  gas  w, 
since  deformation  attains  critical  phase  before  the  drop  starts  to  be  noticeably 
entrained  by  the  flow.  During  investigation  of  splitting  of  the  smaller  particles 
with  which  it  is  necessary  to  deal  in  straight-through-flow  combustion  chambers,  it 
is  necessary  to  consider  the  process  of  entrainment  of  a  drop  by  a  flow  (see  formula 


2.12), 


In  Fig.  .’.6  there  are  compared  maximum  diameters  of  drops  in  atomization  jets 


•The  unstable  form  of  the  drop  appears  a  little  before  its  disintegration  is 
recorded  on  the  photograph.  By  this  moment,  the  drop  is  already  carried  slightly 

further  along  by  the  flow. 


of  the  injectors  with  different  thickness  of  sheet 
e  with  limiting  diameters  of  drops  according  to  the 
theory  of  splitting  at  D  =  14  (taking  into  account 
entrainment  of  the  drops).  The  graphs  shows  that 
limiting  dimensions  of  drops  noticeably  exceed  a^^. 
in  spectra  of  injectors  with  comparatively  low  flow 
rate . 

In  the  monograph  [5],  Longwell  giving  results 

of  experiments  of  Lane,  makes  the  assumption  that 

a  dependence  of  type  (2.1)  is  valid  within  a  wide 

range  of  small  diameters  of  drops.  On  this  basis 

there  are  estimated  dimensions  of  small  particles 

of  hydrocarbon  fuel,  which  retain  their  stability 

at  flow  velocities  of  the  order  of  60  m/sec. 

Pig.  2.6.  Comparison  of  In  light  of  what  has  been  said  about  the  inter- 

limiting  diameters  of  drops 

with  their  maximum  diameters  action  of  processes  of  entrainment  and  deformation 
in  the  atomization  spectra. 

1  —  upper  limit  of  stability;  of  small  drops  [see  formula  (2.28)],  it  is  clear 

2  —  water,  0  -  e  •  0.072mu, 

O  —  e  =  0.150mm, <i#  —  e  ■  that  results  of  estimates  of  Longwell  cannot  be  con- 

»  0.22  to  0.25  mm. 

sidered  to  be  sufficiently  well  founded. 

The  entire  process  of  deformation  and  motion  of  drops  at  D  =  10.7  occurs  in 
the  following  manner  (see  Figs.  2.28  and  2.29):  the  Initial  spherical  drop  is 
maximally  deformed  in  a  very  short  interval,  corresponding  to  AC  (as  compared  to  the 
total  time  of  its  stay  in  the  chamber):*  This  state  depends  on  the  initial  value 

p 

of  the  criterion  DQ  =  p^qU^o  and  conditions  of  entrainment  of  the  drop.  Then  there 
occurs  slower  decrease  of  deformation  of  the  drop  with  its  entrainment  by  the  flow. 

The  given  process  can  be  considered  as  a  quasi-static  process,  in  which  the 
drag  coefficient  of  the  deformed  drop  cfl  and  its  middle  are  simply  determined  by 
current  values  of  the  diminishing  quantity  D. 

A  more  detailed  description  of  motion  of  the  drop  during  variable  deformation 
will  be  given  below.  The  Influence  of  deformation  of  the  drop  on  increase  of  its 
center  section  and  drag  coefficient  should  be  considered  subsequently  intoduction 
of  the  special  function  ^(D). 

*Tne  drop  moving  in  the  flow  experiences  oscillations  due  to  altenuate  separation 
of  vortices  from  different  sections  of  its  surface  (formation  of  a  turbulent  wake). 


Let  us  expound  briefly  certain  results  of  theoretical  investigation  of  develop¬ 
ment  of  instability  of  a  drop  located  in  a  flow. 

The  process  of  disintegration  itself,  without  taking  into  account  entrainment 
of  the  particle  by  a  flow,  is  analytically  discussed  in  work  [6],  The  liquid  of 
the  drop  and  the  surrounding  gas  are  taken  to  be  ideal,  and  there  are  considered  only 
perturbations  which  are  axially  symmetric  relative  to  the  flow  axis.  Solution  by 
the  method  of  small  perturbations  makes  it  possible  to  determine  the  critical  value 
of  the  Weber  number.  At  large  magnitudes  of  this  number  there  occurs  instability 
and  disintegration  of  the  drop. 

An  important  result  of  the  work  is  the  determination  of  forms  of  perturbations 
of  the  liquid  surface  corresponding  to  the  equation  of  nodal  lines.  Nodal  line  is 
the  locus  of  points  on  the  drop  at  which  the  speed  of  rise  of  the  surface  is  equal 
to  0.  In  sketching  different  pictures  of  deformation,  it  is  possible  to  assume  that 
independence  upon  values  of  the  deformation  or  Weber  numbers,  disintegration  of  the 
initial  drop  will  lead  to  formation  of  drops  or  tori. 

In  the  particular  case  of  equality  of  the  Weber  number  to  zero,  (absence  of 
flow  around  the  drop),  is  obtained  the  well-known  result  of  Rayleigh  about  stability 
of  a  spherical  drop.  General  conclusions  about  the  critical  Weber  number  as  needed, 
apparently,  in  subsequent  refinement,  since  this  solution  was  conducted  with  disre¬ 
gard  of  dissipation  of  energy  and  with  replacement  of  the  real  distribution  of 
pressures  on  the  drop  by  pressures  corresponding  to  ideal  flow  around  it. 

Probably,  in  the  general  case,  development  of  the  real  process  of  instability 
leading  to  disintegration  can  start  either  on  a  spherical  drop  or  on  a  deformed 
drop  (for  instance,  an  ellipsoid,  a  liquid  ring  with  a  film,  etc.). 

§  3.  APPLICATION  OF  SIMILARITY  THEORY  TO  TfE  PROBLEM  OF  ATOMIZATION 
OF  A  LIQUID  BY  SWIRL  INJECTORS 

With  the  help  of  a  series  of  well-known  experimental  methods  (the  capture 
method,  method  of  paraffin  separation,  spark  photography)  there  has  been  accumulated 
considerable  material  on  the  fineness  of  atomization  by  swirl  injectors. 

For  the  purpose  of  obtaining  dependences,  possessing  certain  generality,  results 
of  experiment  have  to  be  processed  in  dimensionless  parameters.  This  problem  can  be 
solved  either  with  the  help  of  consideration  of  equations  defining  the  process,  or 
by  means  of  general  methods  of  the  theory  of  similarity.  For  finding  the  number 
and  structure  of  dimensionless  criteria,  we  will  use  an  alternate  path  based  on  the 
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Fig.  2.7.  Atomization  Jet  from  a  swirl  injector  during 
fuel  feed  upstream.  1  —  zone  of  phtography;  the  arrow 
indicates  direction  of  the  flow. 


well-known  "Il-theorem"  [7].  Use  of  equations  of  stability  of  a  film  of  liquid 
(method  of  small  perturbations)  gives  in  principle  the  same  result. 

The  system  of  basic  dimensional  parameters  characterizing  the  process  includes 
eight  quantities:  a,  u,  e,  o,  M-r,  p^,  p^.  The  quantity  a  is  a  definite  average 

diameter,  for  instance  the  median  diameter  of  the  spectrum  aM,  corresponding  to  the 
ordinate  "0.5"  on  the  statistical  curve  of  total  relative  volumes.  By  maximum  diam- 
eter  a^^^  we  will  understand  the  diameter  corresponding  to  ordinate  "0.95"  on  the 
curve  of  total  relative  volumes,  i.e.,  the  largest  diameter  for  the  mass  or  drops 
constituting  95#  of  the  entire  volume  of  atomized  liquid  (see  more  about  curves  of 
the  spectrum  below).  Quantity  u  is  the  initial  outflow  velocity  of  liquid  relative 
to  the  system  of  coordinates  connected  with  the  surround  flow. 

As  theoretical  and  experimental  investigations  have  shown,  the  process  of 
atomization  is  determined  by  velocity  of  liquid  relative  to  air  at  the  place  of 
disintegration  of  the  stream.  For  the  case  of  atomization  in  motionless  air  this 
speed  coincides  with  outflow  velocity.  For  an  injector  aimed  upstream  relative  to 
the  flow,  it  is  equal  to  the  geometric  difference  between  velocity  vectors  of  outflow 
velocity  arid  the  oncoming  flow  velocity. 

In  straight-through-flow  chambers,  there  can  be  used  this  centraflow  system  of 
fuel  supply,  since  it  provides  sufficient  fineness  of  atomization  and  a  good  quality 
of  carburetion.  In  Fig.  2.7  there  is  shown  a  sj  ark  photograph  of  a  section  of  the 
atomization  Jet  of  a  swirl  injector  net  against  th  flow.  Many  (especially  the 
large)  drops  on  it  are  deformed  and  have  ellir  roidal  shape,  with  major  axis  oriented 
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Fig.  2.8.  Thickness  of  liquid  sheet  of  swirl 
injector.  _ 
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perpendicularly  to  the  oncoming  flow  velocity  (in  accordance  with  the  character  of 
distribution  of  pressure  on  the  sphere  located  in  the  flow).  For  an  injector  aimed 
downstream,  this  relative  velocity  ia  close  to  the  outflow  velocity  since  the  body 
of  the  injector  protects  the  root  section  of  the  stream  from  the  action  of  the  flow. 

Quantity  e  is  the  thickness  of  the  sheet  of  liquid  ensuing  from  the  swirl  in¬ 
jector,  measured  along  the  normal  to  the  sheet  (along  the  normal  to  the  average 
velocity  of  the  liquid  V).  This  quantity  characterizes  the  quality  of  the  injector 
as  an  atomizer.  The  smaller  the  e  of  a  given  injector  is,  the  smaller  (other  things 
being  equal)  are  the  drops  which  are  formed.  Using  the  expression  of  volumetric 
flow  rate  Q  through  the  injector  (Fig.  2.8),  we  can  obtain  a  dependence  for  calcula¬ 


tion  of  e: 


q  -  /.0  .  m  (*rf  -  «  cm  «)s 


(2.13) 


(2.14) 


where  f  -  area  of  normal  cross  section  of  liquid  sheet  with  thickness  e  (surface 
area  of  frustum  of  a  cone  with  generatrix  AB); 

v  —  average  outflow  speed  through  cross  section  f; 

u  —  flow  coefficient  of  injector,  taking  into  account  filling  of  the  nozzle 
section  by  the  stream,  turn  of  the  stream  by  the  angle  of  atomization, 
losses  of  pressure  and  velocity  profile  in  the  liquid; 

u  —  coeffiecient  taking  into  account  losses  of  pressure  and  the  velocity 
profile  of  the  liquid; 

Ap  —  pressure  drop  on  liquid  feed. 


Equating  the  right  sides  of  equations  (2.13)  and  (2.14)  and  spring  the 
quadratic  equation,  we  find 

•  ±  ^cosa  j.  (2.15) 

Prom  Pig.  2.8  it  follows  that  e  <  r  /cos  a,  and  therefore  the  square  root  cor- 
responding  to  the  plus  sign  does  not  have  physical  meaning.  At  present  in  the 
literature  there  is  not  contained  sufficiently  complete  materials  for  estimate  of 
4V,  which  depends  on  regime  of  flow  and  type  of  injector.  Order  of  magnitude  of 
uv  *  0.8  to  0.9.  Omitting  coefficient  uy  in  the  first  approximation,  we  will  write 
equation  (2.15)  in  the  form 

(l  —  V 1  —pcos  at).  (2.16) 

Curves  expressing  dependence  of  e/r  on  a  and  u  are  shown  in  Fig.  2.8.  Quantity 

p  is  easy  to  determine  experimentally  after  tests  of  the  injector,  or  to  calculate 

theoretically.  The  graph  of  the  dependence  for  e/r  shows  that  over  a  considerable 

c 

interval  of  change,  quantity  e  depends  little  on  angle  of  atomization  a.  Thus, 
during  measurement  of  angle  2a  (for  determination  of  e)  there  is  not  required  high 
accuracy.  This  permits  us  to  be  limited  to  usual  photography  of  the  atomization  jet. 
Quantity  e  can  be  calculated  the  same  way  with  the  help  of  the  theory  of  the  swirl 
injectors* 

•-('«  —  rjc»«,  (2.1?) 

where  a  and  rm  —  functions  of  parameter  A; 

rm  —  radius  of  air  vortex  of  injector. 

In  Fig.  2.9  there  is  given  a  corresponding  graph  for  function  e/rc  =  f(A)  ac¬ 
cording  to  the  theory  of  Abramovich  [8],  Quantity  o  is  the  capillary  constant  of 
liquid  in  air  (or  another  medium)  and  Is  determined  by  the  nature  of  the  liquid 
and  its  temperature.  Finally  quantities  pr;  ur;  p^;  are  density  and  dynamic  vis¬ 
cosity  of  the  gas  and  liquid. 

The  majority  of  available  experimental  data  for  such  liquids  as  water,  gasoline, 
kerosene,  alcohol.  Indicate  the  fact  that  the  change  of  surface  tension  is  more 
important  during  the  process  of  disintegration  of  streams  than  change  of  other 
physical  constants.  Applying  the  "Il-thcorem"  of  similarity  theory  to  the  considered 

•The  question  about  the  form  of  the  liquid  sheet  ensuing  from  the  swirl  injec¬ 
tor  is  considered  in  more  detail,  for  instance  in  work  [9], 


Fig.  2.9.  Dependence 
of  thickness  of 
liquid  sheet  on  the 
geometric  character¬ 
istic  of  injector. 

rc'R 

A  =  -  is  the  geo- 


r  -n 

BX 

metric  characteristic 
of  the  injector  ac¬ 
cording  to  data  of 
Abramovich. 


problem,  we  will  write  a  dependence  between  5  dimension¬ 
less  parameters  (8  dimensional  magnitudes  and  3  basic  units 
of  measure  —  kg,  m,  sec)  in  the  following  form 

-L.f, /_!!*;  JM;  (2.l8) 

«  \  l*r  f*  I *m  Pal 

In  the  right  side,  the  first  complex  is  Reynolds 

number  for  the  liquid  sheet  (i.e.,  a  quantity  proportional 
to  the  ratio  of  forces  of  dynamic  pressure  during  flow  of 
the  sheet  to  viscosity  forces.  The  second  complex  is  a 
ratio  of  the  form 

Jttf.  _  (SSz-Y  •  JiflL  • 

i*?  »•*»/*  • 

sometimes  in  the  literature  it  is  called  the  Onezorge 

number.  This  number  is  obtained  as  the  ratio  of  the  square 

2 

of  Reynolds  number  to  the  Weber  number  pru  e/o.  As  laready  was  said,  the  Weber 
number  has  a  simple  physical  meaning  and  is  a  magnitude  proportional  to  the  ratio 
of  dynamic  pressure  of  the  air  flow  to  pressure  of  surface  tension. 

It  is  also  possible  to  consider  other  dimensionless  combinations,  but  equation 
(2.18)  is  more  convenient  in  the  processing  and  analysis  of  experimental  materials. 
However,  it  is  quite  complicated,  since  it  contains  four  independent  paramters.  For 
decrease  of  their  number  we  will  Introduce  certain  simplifying  assumptions.  We  will 
consider  that  the  influence  of  change  of  number  Mp/u^  on  the  process  of  atomization 
is  small  compared  with  other  factors.  This  is  indicated  by  experimental  data. 
Theoretical  solution  of  Weber  [2]  for  disintegration  cf  acylindrical  stream  of  vis¬ 
cous  liquid  and  experiments  on  splitting  of  drops  show  the  comparatively  small  in¬ 
fluence  of  change  of  on  the  process  of  atomization. 

Thus,  it  is  possible  to  expect  that  the  stipulation  which  was  made  will  be  valid 
for  the  not  very  viscous  liquids  enumerated  above  (at  temperatures  of  the  liquid  not 
too  much  differing  from  room  temperature).  Viscosity  affects  thickness  of  the  sheet 
e  (fineness  of  drops)  due  to  influence  on  the  flow  coefficient  and  angle  of  atomiza¬ 
tion  of  the  injector.  This  is  taken  into  account  by  formula  (2.16). 

Let  us  consider  at  first  the  case  of  the  small  influence  of  ratio  of  densities 
of  liquid  and  gas  (fy/p*®*  const),  for  instance  atomization  under  atmospheric  condi¬ 
tions  of  the  surrounding  air. 

After  the  above  made  assumptions,  the  dependence  between  numbers  determining  the 
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Fig.  2.10.  Relation  between 
dimensionless  parameters  for  the 
process  of  atomization  of  liquid 
by  swirl  injector  (au). 
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Fig.  2.11.  Relation  between  dimensionless 
parameters  for  the  process  of  atomization 
of  liquid  by  swirl  injectors  (a  ). 
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phenomenon  of  atomization  will  acquire  the  form 


_*  _  e  /  **Pr  ,  «ft«  ) 

•  I*r  ’  a!  i 


(2.19) 


For  determination  of  the  form  of  the  functional  dependence  F,  experimental  data  on 
atomization  obtained  by  us  and  other  researchers  were  processed  in  the  corresponding 
dimensionless  numbers. 

Graphs  shown  in  Figs,  2.10  and  2.11  illustrating  results  of  this  processing, 
show  that  points  are  located  approximately  on  a  certain  family  of  averaging  curves. 


Numbe 


r  llj  =  uepr/ur  was  taken  as  the  argument,  and  11?  =  e(  ^o/p  was  taken  as  the 


parameter  of  the  curve.  For  convenience  of  review  of  results,  every  curve  was 


vrr* 


constructed  not  for  one  constant  value  of  the  parameter,  but  for  points  corresponding 
to  a  comparatively  small  interval  of  its  change.  Thus,  every  curve  corresponds  to 
a  definite  value  of  Eprq/ur,  equal  to  the  average  magnitude  on  the  given  interval 
of  change  (values  of  limits  of  change  of  this  parameter  are  shown  on  the  graphs). 

Let  us  analyze  the  character  of  the  obtained  dependences.  Experimental  curves 

show  that  relative  fineness  is  less,  the  larger  the  Reynolds  number  Re  given  at 

2 

epro/ur.  Thus,  for  a  given  injector  and  liquid  coarseness  of  drops  1b  less,  the 
larger  the  relative  velocity  of  the  liquid  u.  Starting  at  a  definite  value  of 
uepr/ur,  further  increase  of  the  dimensionless  number  little  affects  decrease  of 
coarseness.  This  value  is  attained  faster,  the  less  the  corresponding  magnitude  of 
epj.o/up. 

o 

In  every  specific  case,  according  to  Figs.  2.10  and  2.11,  it  is  possible  for  a 
given  flow  velcoity  w  to  determine  the  limiting  value  of  u  and  the  pressure  drop  Ap 
for  the  fuel  feed  which  it  is  inexpedient  to  increase  further  for  production  of 

finer  atomization,  uep^u^  =  const,  relative  coarseness  will  be  less,  the  less 

.  o 

eppO/Uj,  is.  At  constant  u  for  a  given  liquid,  coarseness  of  atomization  under 
standard  atmospheric  conditions  will  be  less,  the  less  the  thickness  of  the  liquid 
sheet  e. 

Using  logarithmic  coordinates,  we  can  obtain  a  form  of  function  approximating 
the  curves  in  Figs.  2.10  and  2,11.  These  functions  will  be  written  in  the  following 
way : 


27<«<120  ir/sec; 
7D<a<  290  u; 

01002 <•  <04)073  kg/m; 
30<«b<700  u; 
*><«■«<  1000  u. 


In  the  given  formulas,  dimensionless  parameters  vary  within  the  limits 


7000  <  *,  <60000. 


As  the  subsequent  check*  showed,  formulas  (2,20)  and  (2.21),  in  which  parameters 
of  the  environment  are  taken  at  standard  atmospheric  conditions,  give  results  satis¬ 
factory  in  practice  for  the  following  range  of  change  of  magnitudes  of  pressures  p, 
temperature  of  the  medium  t_;  and  temperature  of  the  liquid  t: 

Q9<p<3  atm(tech) 

10°  <  /B  <  100°  C; 

5 *</<  40° C. 

Further,  based  on  dependences  (2.20)  and  (2.21),  it  is  possible  to  obtain 
formulas  determining  the  atomization  spectrum.  In  the  literature,  for  problems  of 
atomization  and  carburetion  [10]  there  is  widely  used  an  empirical  equation  for 
representation  of  the  curve  of  the  volume  (or  mass)  atomization  spectrum  in  coordi¬ 
nates  y,  a  and  Vs,  a  (Rozin-Ramler  formulas): 


-/4-Y* 

y  a"-1  e  *  '  ; 


(?.22) 


(-  ’3) 


where  y 


AV± 


relative  volume  of  the  drops,  i.e.,  the  volume  of  all  drops  AVj 

occurring  op  a  given  (small)  interval  of  the  spectrum  which  have 
dimensions  (a^;  a^  +  Aa^),  referred  to  the  volume  of  all  drops  VQ 

and  the  length  of  the  interval  Aai; 


a,  —  diameter  of  drops  in  the  atomization  spectrum  (diameter  on  small 
Interval  Aai ) ; 

—  total  relative  volume,  i.e.,  the  sum  of  relative  volumes  of  all 
drops  with  diameter  smaller  than  or  equal  to  the  given  drop  a^ j 


a;  n  —  constants,  called  respectively  dimension  constant  and  distribution 
constant. 

Equation  (2.22)  expresses  the  probability  density  curve  for  volumes  of  liquid 
with  respect  to  dimensions  of  drops  in  the  atomization  spectra  of  swirl  injectors. 

Functions  y,  V_  are  defined  on  the  whole  interval  a;  at  a  =  uu  ,  V  =  1 .  Experi- 
ence  shows  that  their  application  for  a  finite  interval  (am^n*  amax)  does  not  lead 


•The  check  consisted  of  comparison  of  results  of  calculation  of  the  distribution 
of  concentrations  of  atomized  liquid  in  a  flow  of  air  (see  §  11,  Chapter  II)  with 
data  on  experimental  determination  of  these  concentrations. 
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to  large  errors.  As  it  was  earlier  agreed,  V_  „  =  0.95  *  1  at  a  ■  a  .*  It  *s 

s  max  max 

easy  to  note  that 

S- — £s__.  (2.24) 

(In  2)~ 

The  larger  the  dimension  constant  a,  the  bigger  the  drop;  the  larger  the  distribution 
constant  n  (at  given  a),  the  more  uniformly  they  are  distributed  over  dimensions, 
i.e.,  the  steeper  the  slope  of  the  curve  constructed  according  to  equation  (2.22). 
Quantities  n  and  a  change  n  dependence  upon  the  injector  and  the  regime  of  its 
operation;  i.e.,  they  depend  on  all  measured  parameters  determing  the  process  of 
atomization  of  the  liquid. 


§  4.  FORMULA  OF  THE  ATOMIZATION  SPECTRUM 
Using  the  above  materials,  we  can  make  an  attempt  to  deriveaapproximate  dimen¬ 
sionless  relationships  for  determination  of  parameters  n  and  a.  From  relationship 
(2.?3)  we  find 


(2.25) 


Substituting  a  from  equation  (2.24)  into  equation  (2,25),  we  find  the  ratio 
amax/V 


<**)  * 

Hence  we  determine  quantity  n: 


Finding  ratio  amax/au  with  help  of  term  by  term  division  of  equations  (2.20) 
and  (2,21),  and  remembering  that  Vg  max  =  0.95,  we  derive  from  expression  (2.27)  a 
formula  for  calculation  of  n: 


« 


0,636 


/»  +  s.4-io-*n,  .,lt4\ 
*\2  +  S.4.tO-*ll,  «  ) 


(2.28) 


*amin  iE  usually  a  minute  magnitude  of  the  order  of  1  to  3  u;  the  volume  (or 
mass)  of  such  drops  turns  out  to  be  practically  insignificant  in  the  total  spectrum. 
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Substituting  che  value  of  aM  from  (2.20)  in  equation  (2.24),  we  will  obtain  a 


formula  for  calculation  of  a: 

-  «(i35  +  3,gy.io-»nt)n7«»  (2>29) 

(!»*)“ 

Thus,  formulas  (2.28)  and  (2.29)  make  it  possible  according  to  given  parameters 
of  the  flow,  feed  pressure,  dimensions  of  injector  and  parameters  of  liquid  air,  to 
construct  the  atomization  spectrum.  For  convenience  of  calculation,  these  formulas 
can  be  represented  in  the  form  of  the  corresponding  graphs  shown  in  Figs.  2.12  and 
2.1 3.  For  more  exact  description  of  the  empirical  curves  of  the  atomization  spectra, 
there  can  be  constructed  more  complicated  formulas,  containing  not  two,  but  three 
or  more  constants. 

In  work  [11],  of  the  three  constants  of  the  distribution  curve,  there  is  con¬ 
sidered  the  maximum  diameter  of  a  drop  in  the  spectrum.  Use  of  equations  of  form 
(2.23)  is  the  first  approximation  in  the  solution  of  the  complicated  problem  of  the 
relation  between  distribution  of  drops  in  atomization  spectra  and  regime  parameters 
characterizing  disintegration  of  the  stream  of  liquid. 

In  Fig.  2.14,  spectra  obtained  according  to  formulas  (2.28)  and  (2.29)  are 
compared  *lth  experimental  spectra. 

Calculations  conducuted  for  conditions  of  atomization  in  a  flow  of  air  show  that 
distribution  constant  n  usually  varies  within  the  limits  2  s  n  s  4. 

We  will  consider  as  an  example  the  calculation  of  the  distribution  spectrum  of 
drops  for  a  specific  regime  of  atomization  by  a  swirl  injector  in  a  flow  of  air. 


Initial  Data  of  Calculation 

1.  Location  of  injector  —  against  flow. 

2.  Fuel  —  kerosene. 

3.  Velocity  of  air  flow  w  =  86  m/sec. 

4.  Temperature  and  pressure  in  flow  of  air  tB  =  20°C,  pB  »  1  atm  (abs.). 

5.  Pressure  drop  during  fuel  feed  and  fuel  flow  rate  through  injector  £pT  = 

=  2  atm  (gage);  GT  =  8.73  g/sec. 

6.  Temperature,  specific  gravity  and  surface  tension  of  fuel  tT  =  43°C;  >T  - 
=  806  k^/m^;  oT  =  2.48’icr^  kg/m. 

7.  Diameter  of  nozzle  opening  and  atomization  angle  of  injector  d  =1.2  mm; 

c 

2a  =  82°C. 
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Calculations  start  with  determination  of  parameters  of  fuel  supply,  discharge 
(flow)  coefficient  of  injector  u,  thickness  of  liquid  sheet  e  and  outflow  velocity 


of  liquid  V. 


Discharge  coefficient  through  injector  is  equal  to 

flr  _ 8.73-IQ-* _ 


«r*/S? 3.14(0,610-*)*/  2.210<-9,8l-806 
The  formula  for  thickness  of  the  liquid  sheet  gives 


>  0,434. 


1  —  f  1—  Itcosa 


rc-- 


1  —  / 1—0,434-0.755 
0,755 


■  0,6  =»  0,143  mm. 


Fig.  2.15,  Calculation  of  atomisation  spectrum, 
a)  graphic  determination  of  u,  b)  atomization 
spectrum. 

Outflow  velocity  (we  will  take  velocity  coefficient  u  =»  1)  is  equal  to 

Knowing  the  quantities  V,  a,  w,  we  find  the  value  of  initial  relative  velocity 
uQ.  For  this,  it  is  most  convenient  to  use  the  graphic  method  of  the  velocity  tri¬ 
angle  (Fig.  2.15).  It  gives  the  value  u0  =  10}  m/sec. 

Having  at  out  disposal  all  necessary  dimensional  parameters,  we  calculate  dimen^ 
sionless  numbers  of  the  atomization  process.  Magnitudes  of  viscosity  u  =  and 

density  p  are  taken  from  tables  for  physical  constants  of  air: 

B 

143- 10-  0, 12-103  143  IO-*  0.lt  *,«.|0-» 

* - 1,79*10-*  "°’  n'  ^  '  (1,79.10-*)*  ^,3m 
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The  median  and  maximum  diameter  of  drops  and  characteristics  of  the  atomization 
spectrum,  we  determine  by  the  formulas  given  in  §§  3  and  4  of  the  present  chapter: 

%- (MS +  3,tM0-S>  «?'*•« -57,5  n; 

•—  “ <”+  =  IK  U. 


Distribution  constant 


Dimension  constant 


rnsr  70  n* 


Curve  of  the  atomization  spectrum 


-(f)'  .  -w 


V,  “l  — f  -  I-#  '  ' 

In  Fig.  2.15  there  is  given  the  calculated  curve  of  the  atomization  spectrum. 

Magnitude  of  the  ratio  «  2  is  characteristic  for  the  majority  of 

au  a50# 

types  of  swirl  injectors.  Coarseness  of  atomization  obtained  in  the  example  may  be 
acknowledged  from  the  point  of  view  of  quality  of  carburetion  in  the  air  flow 
(volatility,  etc.)  to  be  fully  satisfactory.  Presence  of  an  injector  system  in 
the  combustion  chamber  (fuel  manifold)  will  not  change  coarseness  of  atomization 
obtained  “above  a  single  injector  noticeably.  The  density  of  distribution  of  Injec¬ 
tors  in  usual  straight-through-flow  chambers  turns  out  to  be  not  too  great,  and  the 
mutual  interference  of  atomization  jets  will  not  be  very  significant  from  this  point 
of  view. 

We  noe  touch  the  question  of  influence  of  parameters  of  the  environment  and 

liquid  p  ,  u  ,  p  ,  u  on  the  process  of  atomization.  Materials  available  at  present 

r  r  *  w 

do  not  permit  us  to  answer  it  with  sufficient  completeness.  Here  it  is  possible  to 
give  only  individual  experimental  data. 

Let  us  note  systematically  the  obtained,  but  strange  at  first  glance  result: 
with  fall  of  pressure  and  density  of  the  surrounding  medium,  coarseness  of  atomiza¬ 
tion  of  the  swirl  injector  decreases.  This  can  be  explained  by  the  presence  of  two 
contradicting  tendencies  manifested  in  the  process  of  atomization.  With  decrease 
of  external  forces  acting  on  the  liquid  sheet,  (decrease  of  density  of  the  medium), 
the  Intensity  of  disintegration  should  decrease,  i.e.,  the  optimum  wave  of  unstable 
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Pa** 

-7000*  10*. 
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oscillation  should  increase  (which  is  indicated  by  experiments  with  direct-spray 
injectors).  Forces  splitting  up  the  already  formed  drops  also  decrease.  Conse¬ 
quently,  there  can  be  formed  and  retained  bigger  drops  which  will  not  be  subjected 
to  splitting. 

On  the  other  hand,  decrease  of  intensity  of  the  process  of  disintegration  leads 
to  essential  lengthening  of  the  nondisintegrated  section  of  the  sheet  and,  conse¬ 
quently,  to  its  thinning  in  the  zone  of  disintegration  (due  to  considerations  of 
constancy  of  flow  rate  of  liquid  through  the  annular  cross  sections  of  the  sheet). 
This  should  lead  to  considerable  decrease  of  coarseness  of  the  drops  into  which  the 
thin  sheet  disintegrates. 

As  experiments  show,  (in  the  range  of  lowered  pressures)  the  second  tendency 
predominates,  which  explains  the  given  result.  Processing  data  for  pressure  of  the 
medium  0.2  i  P  s  1  atm  (abs.)  and  temperature  t  =  20°C  in  the  similarity  criteria 
offered  above  and  taking  into  account  the  parameter  Pj,/ps,  we  can  generalize  the 
earlier  obtained  formula  for  the  range  of  changing  pressures  of  the  surrounding 
medium.  In  Fig.  2,16  there  is  shown  the  influence  of  factor  p  /p  on  the  coarseness 
of  atomization. 

Corresponding  analysis  shows  that  the  sought  dependence 

-SU-W-fclf-;  .lifLirN  (2.30) 

*  V  *  i*? 

has  the  form 
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where 


±L 

jw  -  const  as  0,83  to  0,9. 

On  the  basis  oi‘  this  there  can  be  obtained  the  approximate  formula 

i*+mio-4'T*“ 

- - — — — , 


(2.31) 

(2.32) 


(^r 


(2.33) 


which  is  valid  in  the  same  range  of  change  of  dimensional  parameters  as  formula 

(•’.20) : 

0,286- <1,4- 10-«. 

fl 

For  the  case  of  atmospheric  conditions,  equation  (2.33)  becomes  (2.20).  During 
rough  estimate  of  magnitude  of  a^^,  it  is  possible  to  use  relationship 


(  M«  \«  » 

( to  1  , 

f  Pr  \B  » 

( ?  •  3;* ) 

0,23  ' 

l  to) 

The  question  about  the  Influence  of  parameters  u  and  on  the  process  of 

atomization  has  been  studied  to  a  still  lesser  degree  than  the  influence  of  fad  >rs 

p  and  p  .  However,  the  majority  of  data  testify  to  their  small  Influence.  Cons  id- 
r 

oration  of  change  of  u_  may  be  needed  when  heated  fuel  is  atomized. 


According  to  data  of  Gif fen  and  Murashov  [10], 


(  '-3'.) 


Thus,  it  is  possible  to  consider  approximately  the  influence  of  ujj/up  for  such 
11  ]u id s  as  water,  gasoline,  Kerosene  a  d  alcohol,  multiplying  results  obtained  by  the 


formulas  (2.20),  (2.21)  and  (2.33)  by  the  factor 


(to K\*M 

U 


where  p°;  m2  are  data 

r  * 


corresiiondlng  to  the  temperature  15  C. 

According  to  data  of  Longwell  [5],  the  influence  of  viscosity  of  liquid  on 
coarseness  of  drops  starts  to  appear  at  quite  large  values  of  »  0.13  poise.  Hi]r 
value  is  lower  than  parameters  for  conventional  [  ropellants  of  air-breathing  Jet 

engines  under  normal  con iit ions. 
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§  5.  SCHEME  OF  ANALYSIS  OF  A  CENTRIFUGAL  INJECTOR  WITH  CONSIDERATION 

OF  COARSENESS  OF  ATOMIZATION 


Using  the  given  formulas,  it  is  possible  to  give  a  basic  scheme  of  calculation 
of  parameters  of  an  injector  providing  a  definite  fuel  flow  rati  at  a  given  average 
x.wir*  coarseness  of  atomization.  For  the  purpose  of  simplifi- 

|ff  ■  .  »■  ■«  ■■■■ 

I  cation  we  will  use  the  theory  of  a  swirl  injector  devel- 

m — - /  — 

/  oped  by  Abramovich  [8]  for  an  lueal  liquid.  Results  of 

H  - - / - 

y  a  calculation  will  be  nearer  to  reality,  the  less  the 

♦»  =  =  =  !F  =  — 

viscosity  of  the  given  liquid, 

n - - 

j  The  problem  of  calculation  is  formulated  in  the 

*  *  V  riftm  following  way:  There  is  given  flow  rate  of  liquid  fj 

Fig.  2.17.  Analysis  of  a 

swirl  injector  taking  which  is  atomized  in  a  flow  of  air  of  velocity  w,  where 

into  account  coarseness 

of  atomization.  For  so-  average  coarseness  of  drops  should  be  equal  to  en  .  We 
lution  of  the  transcen-  * 

dental  equation  x  =  y;  want  to  determine  basic  structural  parameters  of  such 

x  =  0,;  y  -  (01rc  + 


0  g  an  injector  rQ,  R,  rBX,  n*  and  feed  pressure  Ap  (see 

C  *  Figs.  2.9,  2.17  and  2.18). 

Let  us  derive  relationships  for  determination  of  such  unknown  magnitudes  as 

135  +  3,67- (1) 


flow  rate  of  liquid  through  the  injector 


C-  13,92(i^*  ySpj^ , 


outflow  velocity  of  liquid  (for  simplification  we  again  take  uv  53  1) 


/¥■ 


thickness  of  liquid  sheet  of  swirl  injector 

f(A)-rc  l,  (4) 

A  _  ^ 

\  nr1  ' 

■« 

Formula  (4)  determines  thickness  of  liquid  sheet  of  injector  in  terms  of  its 

geometric  characteristic.  Function  f(A)  is  more  conveniently  represented  graphically 

(see  Fig.  2,9).  Further  calculation  can  be  conducted  in  the  following  way.  Take  the 

arbitrary  quantity  A  according  to  which  e/r„  is  determined,  and  also  p  and  a  accordim 

c 

*n  —  number  of  feed  channels  of  r,wlrl  injector. 


0  t  ♦  I  A 

Fir.  2.18.  Depen¬ 
dence  of  discharge 
coefficient  and 
atomization  angle  on 
geometric  character¬ 
istic  of  injector. 


to  the  curves  shown  in  Fig.  2.18.  Selection  of  quantity  A 
can  be  subjected  to  the  additional  requirement  of  obtaining 
the  given  atomization  angle  2a.  Let  us  express  quantity  uQ 
in  relationship  terms  of  Ap  and  rc>  If  the  injector 

is  directed  along  the  flow,  then  uQ  =  v  (according  to  what 
was  stated  above);  for  an  injector  directed  against  the  flow, 
quantity  uQ  is  determined  by  w,  v  (for  instance,  with  help 
of  construction  of  a  velocity  triangle  uQ  =  v  -  w) . 

For  simplicity  we  will  assume  that  the  injector  is 


directed  along  the  flow.  We  will  substitute  in  formula  (3) 
the  value  of  Ap  from  equation  (2): 

P«  i  £-  9,81  m/secP. 

We  will  substitute  in  equation  (1)  values  of  u  from  relationship  (5)  and  f  from 
relationship  (4).  After  transformations,  we  will  obtain  an  equation  for  determination 


of  the  value  of  r  of  the  injector 
c 


where 


ri 

•,-135; 

'-"■cstr* 

Coefficients  in  formula  (6)  are  calculated  by  the  initial  parameters  given  In 
the  calculation.  This  equation  is  transcendental  and  must  be  solved  graphically 
(see  Fig  2.17).  After  determining  r c  from  formula  (2),  we  find  Ap. 

Example  of  calculation. 

Given:  G  =  9  g/sec;  au  =*  60  u;  the  fuel  is  gasoline;  surround  medium  is  air- 
under  normal  conditions. 

Constants  of  air  and  fuel  are  the  following: 

Pr  =  0.12  kg-sec2/!^; 
t  m  =  77  kg  ■  sec2/m**  ; 

Mr  =  1.79*10’  kg • sec/m  ; 
o  =  0.002  kg/m. 
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Determine ;  basic  structural  parameters  of  the  injector  and  feed  pressure  of 
the  fuel.  We  take  quantity  A  =  1;  then  from  the  given  graphs  we  will  obtain  f  =  0.24, 
U-  -  0.44  (angle  of  atomization  of  the  injector  will  be  equal  to  78°). 

We  calculate  coefficients  of  equation  (6) 

•i  —  6,61-10*  I/m; 

•j  — 43,1-Mh4 

For  convenience  of  graphical  solution,  we  write  equation  (6)  in  the  form 


(•* 

f-A'e+V'i** 

(8) 

In  Fig.  2.17  there  is  shown  the  method  of  graphical  solution  of  equation  (6). 
Ordinate  of  the  point  of  intersection  of  curves  (x)  and  (y)  gives  the  unknown  value 

of  r  *•  0.35  ram.  From  structural  considerations  we  will  determine  values  of  R,  r 

*  BX 

and  n  satisfying  the  relationship 


By  equation  (2)  we  find  Ap  =  18.2  atm  (gage);  thickness  of  the  liquid  sheet  of 
such  an  injector  is  equal  to  84  u.  According  to  calculation,  parameters  of  the 
injector  will  be  the  following: 


A 

► 

2a* 

rc  mm 

1  MM 

R  MM 

r„MM 

n 

Ap 

atm  (gage) 

1 

0.* 

0.44 

78 

0,36 

0,064 

3.6 

0.8 

2 

18.2 

§  6.  DIRECT-SPRAY  ATOMIZATION 

As  has  already  been  said,  along  with  the  use  of  swirl  injectors,  in  combustion 
chambers  there  can  be  used  the  simpler  direct-spray  fuel  feed  (Fig.  2.19).  Usually 
the  axis  of  fuel  streams  is  set  at  an  angle  to  the  flow;  this  permits  the  obtaining 
of  quite  a  wide  atomization  Jet.  Combustion  chambers  of  direct-spray  injector  mani¬ 
folds  have  shown  fully  satisfactory  results. 

On  the  surface  of  the  still  undisintegrated  section  of  the  cylindrical  stream 
fed  into  the  gas  flow  there  act  the  arodynamic  forces  of  the  gas  flow.  The  stream  is 
resisted  by  the  external  Influence;  this  is  expressed  in  increase  of  the  Internal 
pressure  of  the  liquid.  Pressure  grows  due  to  the  appearance  of  centrifugal  forces 
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Fig.  2.19.  Diagram  of  an  experiment  in  photographing 
the  Jet  of  a  direct-spray  atomizer  in  an  airflow. 

1  —  spark  illuminator;  2  —  condenser;  3  —  air  conduit; 

4  —  camera;  5.  6  —  atomization  Jets  (sprays)  during 
photographing  in  profile  and  vertical  projections. 

in  inertia  during  distortion  of  flow  lines  (bending  of  the  stream),  which  remained 
rectilinear  while  the  liquid  was  inside  the  channel  of  the  atomizer.  Simultaneously, 

external  forces  flatten  the  round 
stream,  transforming  it  into  a 
liquid  sheet  (Figs.  2,20  and  2.21). 

Thus,  not  the  stream  disin¬ 
tegrates  but  the  sheet,  which  is 
Jet  like  an  element  of  the  sheet 
of  a  swirl  injector.  Correspond¬ 
ing  calculations  and  experiments 
confirm  the  possibility  of  use  of 
this  analogy  for  approximate  deter¬ 
mination  of  coarseness  of  drops. 

It  turns  out  that  coarseness  of 


Fig.  2.20.  Position  of  axis  of  deformed  stream 
of  liquid  (white  line)  in  a  flow  of  air.  Pro¬ 
file  projection.  Water.  dQ  =  1.3  mm;  pr  = 

=  0,12  kg*sec2/m^;  =  90°;  a)  w  =  90  m/sec , 

v  =  11.7  m/sec;  b)  w  =  72  n/sec;  v  =  11 .7  n^sec; 
c)  w  =  49.3  rr/sec;  v  =  12.4  m/sec. 


the  drops  of  a  direct-spray  atomizer  has,  other  things  being  equal,  the  order  of 

magnitude  of  drops  of  a  swirl  injector  with  thickness  of  sheet  e  equal  to  the  average 

thickness  of  the  sheet  6  into  which  the  cylindrical  stream  is  flattened.  This  permits 

cp 

us  to  apply  the  formulas  presented  above  for  coarseness  of  atomization  to  the  given 


case . 


Let  us  briefly  expound  certain  indeas  of  the  elementary  theory  of  deformation 
of  a  cylindrical  stream  of  liquid  in  a  flow  of  gas.  The  theory  makes  it  possible 
to  determine  approximately  the  form  of  the  stream  and  parameters  influencing  coarse¬ 
ness  of  atomization. 

-79- 


x  '  -3  n#< 

-  .  *»  *  * 


'A*1  1  «  t 

. . .  * 


Fig.  2.21.  Deformed  stream  in  verti¬ 
cal  projection.  Water.  pr  » 

2.4 

=  0.12  kg«sec  /m  j  d  =  2  mm;  w  = 

=  47.5  Vsec#  v  “  5.7  nv/sec*  a)  aparlt 
photograph  of  liquid  sheet;  b)  usual 
photograph  of  liquid  sheet. 


Basic  assumptions  on  which  the  theory 
is  based  consist  of  the  following; 

1.  Flow  around  the  stream  is  considered 
as  flow  around  a  solid  body.  For  estimate 
of  distribution  of  pressures  on  different 
sections  of  the  surface  of  the  stream  there 
are  used  corresponding  data  on  the  distribu¬ 
tion  of  pressures  on  solid  bodies  of  similar 
shape.  Such  a  formulation  of  problem, 
strictly  speaking,  is  equivalent  to  the 
problem  of  flow  of  a  stream  inside  an  in¬ 
finitely  long  elastic  tube  which  does  not 
render  additional  resistance.  The  stream 
in  this  case  will  not  disintegrate,  and  on 
its  surface  there  will  not  appear  perturba¬ 
tions  with  increasing  amplitudes. 


At  Reynolds  numbers  of  the  gas  flow  around  the  stream  equal  approximately  to 


1000  and  larger,  which  are  of  practical  interest,  the  role  of  tangents  of  frictional 


Fig.  2.22.  Derivation  of  “'hu 
equation  of  a  liquid  lire. 


forces  on  the  liquid  surface  is  small  as  compared 
to  that  of  the  normal  pressures  (form  drag  pre¬ 
dominates  over  frictional  resistance). 

The  transition  from  liquid  surface  to  solid 
surface  will  reflect  mainly  on  the  magnitude  of 
tangential  stresses.  On  a  liquid  surface,  tan¬ 
gential  stresses  must  be  less  due  to  the  fact 
that  tangential  velocities  on  the  interface  due 
to  circulation  inside  the  liquid  are  not  equal 
to  zero. 

2.  Curvature  of  the  stream  in  the  plane 
of  symmetry  are  taken  to  be  small  as  compared 
to  its  thickness;  this  permits  use  in  corres¬ 


ponding  cases  of  data  obtained  for  flow  around  a  flat  plate.  Experiment  confirms 


i.hls  assumption, 

3.  Let  us  disregard  viscosity  of  the  liquid  and  not  consider  circulation  in 


cross  sections  of  the  stream.  This  assumption  also  permits  us  not  to  consider  non¬ 
uniformity  of  velocities  in  the  initial  section  of  the  stream  and  decrease  of  speed 
along  its  axis. 

4.  Let  us  disregard  weight  of  the  stream,  which  is  small  compared  to  other 
acting  forces. 

Let  us  select  the  origin  of  coordinates  of  the  absolute  system  to  be  in  the 
center  of  the  nozzle  opening.  Axis  Ox  will  be  directed  parallel  to  vecotr  w,  and 
axis  Oy  will  be  vertical.  Outflow  velocity  of  liquid  v  will  be  directed  at  angle 

to  axis  Ox  (Fig.  2.22).  The  modulus  of  vector  v,  as  already  was  said,  in  a  certain 
range  is  taken  to  be  constant.  Experiment  show  that  there  exists  a  fully  definite 
section  of  undisturbed  stream  where  the  process  of  disintegration  has  only  begun. 

On  this  section  the  amplitude  of  perturbations  waves  is  comparatively  small,  and  the 
liquid  surface  can  be  considered  to  be  smooth. 

Considering  the  motions  of  the  center  of  mass  of  an  element  of  the  sheet  and 
applying  to  it  D'Alembert's  principle  (in  projections  on  the  normal  to  the  axis  of 
the  stream),  we  will  obta'n 


(2.36) 


where  R  is  the  radius  of  curvature  of  the  trajectory  of  the  center  of  mass  of  the 


element  of  the  sheet. 


In  the  left  side  of  equation  (2.36)  there  is  written  the  expression  for  external 
force  acting  on  the  surface  of  element  df  (normal  component);  in  the  right  side  — 
force  of  inertia  applied  to  center  of  mass  of  element  dm. 

Applying  to  the  stream  the  "solidification  principle,"  we  take  magnitude  cR  as 
the  drag  coefficient  of  an  inclined  plate  of  small  aspect  ratio 

(2.37) 


where  cnQ  is  the  drag  coefficient  of  an  infinitely  long  plate  installed  transverse 
to  the  flow.  Corresponding  estimates  for  the  conditions  of  our  problem  show  that 


1  <  cnQ  <  2,  and  that  it  is  possible  to  take  approximately  cn0  *  1.2. 

The  sine  of  angle  P  (angle  of  slope  of  the  tangent  to  the  axis  of  the  distorted 
stream)  is  expressed  in  terms  of  derivatives  of  the  trajectory  of  the  center  of  mass 


(2.58) 


For  the  radius  of  curvature  R  we  use  the  well-known  formula  of  differential 


geometry 


„_ji±££L 


(2.59) 


Putting  the  value  of  sin  3  and  R  from  relation  (2.38)  and  (2.39)  Into  equality 
(2.36)  and  carrying  out  appropriate  transformations,  we  will  obtain 

A(/)*V1  +/*.  (2.40) 


where 


(2.41) 


Here  6  is  thickness  of  the  liquid  sheet  into  which  the  cylindrical  stream  is  deformed 
Relation  (2.40)  is  the  differential  equation  of  the  axis  of  the  liquid  stream 
deformed  by  the  flow  y  =  f(x).  This  curve  will  be  called  the  liquid  line  (by  analogy 
with  an  elastic  line).  Boundary  conditions  have  the  form 

x  -  Oj  y  -  Oj  y'  -  tg  3n. 


Simplifying  the  problem,  we  will  take  the  quantity  6,  which  varies  with  x,  in 

the  expression  for  parameter  k  as  a  certain  average,  constant  thickness  of  the  ’ieet 

6  :  then  k  ■  const  and  differential  equation  (2.40)  can  easily  be  integrated, 

cp 

Solving  the  equation  and  using  the  boundary  conditions,  we  will  obtain  the 
equation  of  the  liquid  line  in  the  form 


[l +.!■?,(**+ 1/ 

-  —  - J - 1— 

*  l  + 


(2.42) 


Expression  (2.42)  is  the  equation  of  a  family  of  affine  curves;  i.e.,  for  given 
all  curves  are  obtained  from  one  similarity  transformation  with  coefficient  k. 

The  larger  parameter  k  is,  i.e.,  the  higher  the  impact  pressure  of  the  gas  and  lower 
the  impact  pressure  of  the  liquid,  the  smaller  ordinate  y  is  and  the  more  strongly 
the  stream  will  be  deformed. 

Radius  of  curvature  of  the  stream  can  be  expressed  in  terms  of  the  instantaneous 


angle  of  slope  of  the  liquid  line 


n  <**? 


(2.'»3) 


From  the  given  relationship  (2.43),  it  is  clear  that  curvature  of  the  stream 
decreases  with  its  "deflection."  In  the  particular  case  of  supply  of  liquid  trans¬ 
verse  to  the  flow,  initial  angle  3q  is  equal  to  90°;  under  this  condition  we  will 
obtain  a  simpler  expression  for  the  equation  of  the  liquid  line: 


f  -  -j-  In  [l  +  kx  +  yiu(kx+  2)] . 


(2.44) 


1  'yr’^vY 
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Carrying  out  analysis  of  deformation  of  the  stream  under  the  influence  of  the 
force  of  the  gas  flow,  it  is  possible  to  derive  approximate  dormulas  describing  the 
process  of  its  transition  to  a  liquid  sheet.  They  permit  us  to  determine  average 
thickness  of  the  deformed  stream  &Cp  over  the  section  from  the  nozzle  opening  of 
the  channel  to  the  zone  of  disintegration,  and  the  average  thickness  "5^  of  the 
liquid  sheet  itself,  on  coarseness  of  the  drops  formed  during  disintegration  depends: 


-T(*+-3sd- 


(2.45) 


(2.46) 


(2.47) 


For  the  case  P0  =»  90 


l,2*tn*fc. 


(2.48) 


Parameter  Dw  is  the  deformation  criterion  of  the  sheet.  In  the  process  of 

deformation,  deforming  forces  of  the  external  flow  and  resisting  forces  of  surface 

tension  oppose  each  other.  The  factor  Ao  expresses  the  influence  of  initial  slope 

p0 

of  the  stream  on  thickness  of  the  sheet. 

In  Fig,  2.20  there  is  shown  a  liquid  stream  ejected  from  a  cylindrical  atomizer 
into  a  flow  of  air  at  an  angle  -  90°.  Curves  drawn  on  the  photograph  constitute 
liquid  lines  constructed  according  to  the  formula  (2.44).  Curves  follow  the  axis 
of  the  deformed  stream  in  the  first  approximation.  The  given  conformity  is  maintained 
on  a  certain  interval  of  the  stream  which  is  strongly  disturbed  and  disintegrates  into 
drops;  i.e.,  the  center  of  mass  of  the  stream  continues  for  a  certain  time  to  move  by 
Inertia  along  a  curve,  which  is  close  to  the  liquid  line.  This  can  be  explained  by 
the  fact  that  after  disintegration,  liquid  particles  form  a  quite  dense  cluster  of 
drops,  the  main  mass  of  which  moves  as  a  single  whole.  Results  of  experimental  in¬ 
vestigations  also  indicate  the  validity  of  the  more  complicated  formula  (2.42)  for 
initial  angle  of  the  stream  =  45°;  60°. 

Applying  the  above-described  method,  we  can  construct  an  elementary  theory  of 
deformation  for  a  cylindrical  stream  of  diameter  6^  ,  which  is  not  flattened,  but  is 
only  bent  in  the  flow,  preserving  circular  shaped  cross  section  (or  little  changing 
cross  sections).  Physically  this  corresponds  to  the  case  of  outflow  of  a  very  viscous 
liquid,  or  of  a  liquid  with  high  surface  tension. 
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By  corresponding  reasoning  and  transformations,  we  will  obtain  the  same  differ¬ 
ential  equation  as  (2.40),  but  parameter  k^  contained  in  it  will  have  the  following 

form: 


where  c  "  1  to  1.13  (for  usual  regimes  of  flow  in  an  engine  combustion  chamber). 

Thus,  during  estimate  of  the  upper  boundary  of  possible  positions  of  the  real 
liquid  line,  which  corresponds  to  a  stream  flattened  by  the  gas  flow,  it  is  possible 
to  use  expression  (2.42)  or  (2.44),  which  contain  the  complex  k^.  It  is  easier  to 
find  than  the  analogous  parameter  k,  inasmuch  as  the  latter  is  determined  by  the 
entire  complicated  process  of  deformation  of  the  stream. 

Example  of  determination  of  coarseness  of  atomization  for  a  direct-spray  system 
of  fuel  supply. 

Initial  data:  diameter  of  atomizer  opening 

dc  ■  0.4  mm;  w  «  54  m/sec ;  Ap  =  1.3  atm  (gage);  vQ  =  18  ny/sec;  =  90°. 

Fuel  is  kerosene;  surrounding  medium  is  air  under  normal  conditions. 

Let  us  determine  the  average  thickness  of  the  sheet  and  the  initial  relative 
outflow  velocity  u.  Let  us  find  the  diameter  of  the  stream: 

d  -  dcuv,  where  is  the  contraction  ratio  of  the  stream,  equal  in  our  case  to 
approximately  0.87;  then,  d  -  0.36  mm.  The  value  of  "?Cp  according  to  formula  (3.46) 
at  Dw  =  t6  will  be  0.073  mm;  lif  =  73  4.  The  quantity  u0  after  subtraction  of  vectors 
according  to  uQ  »  v  -  w  (rule  of  the  velocity  triangle)  is  obtained  to  be  equal  to 
53  ny/sec.  Corresponding  criteria  in  equations  (2,20)  and  (2.21)  will  be 

^ -357;  ^ -7310. 

*  l*r 

After  the  calculations  we  will  obtain  a^  =  63  u  and  107  4.  A  specially  conducted 

experiment  in  determination  of  the  coarseness  drops  for  this  case  gives  values  which 

are  close  in  order  of  magnitude  au  =  70  n  and  amav  =  135  4. 

m  max 

Results  of  this  calculation  show  that  a  cylindrical  stream  during  disintegration 
in  a  gas  flow  will  form  drops  of  considerably  smaller  dimensions  than  its  diameter. 
Thus,  during  atomization  of  fuel  by  direct-spray  injectors  located  at  an  angle  to 
the  flow,  there  can  be  obtained  the  same  spectra  drops  as  during  the  operation  of 
swirl  injectors. 

During  calculation  of  trajectories  of  motion  of  drops  of  an  atomization  Jet, 


it  is  necessary  to  determine  the  coordinates  of  the  point  of  beginning  cr  motion  of 
whe  drops  and  the  slope  of  the  initial  velocity  vector  Vq.  Corresponding  formulas 
of  elementary  theory  permit  us  to  conduct  the  necessary  calculations  and  to  deter¬ 
mine  the  rotation  of  the  velocity  vector  during  deformation  of  a  cylindrical  stream. 

§  7.  ATOMIZATION  JET  IN  A  SUPERSONIC  FLOK 
Below  we  will  consider  certain  questions  connected  with  supply  of  liquid  into 
a  supersonic  flow  [12] . 

Let  us  assume  that  an  aircraft  moves  with  high  supersonic  speed.  Then,  as  it 
is  known,  retardation  of  flow  in  the  system  of  shocks  of  the  intake  diffuser  to  the 
level  of  subsonic  velocities  will  lead  to  a  very  considerable  increase  of  air  tempera¬ 
ture  in  the  combustion  chamber.  In  this  case,  along  with  a  series  of  unfavorable 
factors  (dissociation  and  others),  the  process  of  additional  heat  supply  from  combus¬ 
tion  of  fuel  in  the  chamber  will  be  little  effective.  Therefore,  it  is  more  expedient 
to  create  in  the  engine  incomplete  deceleration  of  flow,  and  to  carry  out  the  process 
of  burning  in  supersonic  flow.  In  work  [13]  it  is  assumed,  for  instance,  that  com¬ 
bustion  of  a  preliminarily  prepared  mixture  will  occur  in  a  stabilized  detonation 
wave . 

High  temperature  in  the  flow  (or  in  the  shockwave)  will  ensure  small  periods  of 
induction  and  high  chemical  reaction  rate.  It  is  possible,  therefore,  to  expect  that 
development  of  the  process  of  burning  in  a  supersonic  flow  will  be  determined  by  the 
rate  and  quality  of  carburetion  —  atomization,  vaporization  and  mixing.  Processes  of 
atomization  and  carburetion  can  be  used  for  organization  of  combustion  on  stabilizing 
surfaces  or  control  surfaces  of  aircraft  for  increase  of  forces  acting  along  the 
normals  to  them  (problem  of  increase  of  life  and  effectiveness  of  control,  for  in¬ 
stance,  in  rarefied  air). 

The  low  intensity  of  turbulent  diffusion  in  a  supersonic  flow  (concerning  which 
there  are  definite  data)  may  predetermine  the  use  of  liquid  fuel,  and  not  fuel  In 
gaseous  form.  Since  components  of  the  mixture  remain  in  the  chamber  with  supersonic 
flow  for  an  insignificant  time,  there  is  required  rational  organization  of  carbure¬ 
tion,  which  is  capable  of  limiting  the  whole  working  process  of  the  engine.  First, 
of  all,  it  is  necessary  to  establish  the  shape  of  the  atomization  jet  and  its  external 
boundaries.  It  is  further  important  to  estimate  wave  losses  connected  with  the  fuel 
injection . 

For  the  purpose  of  establishing  basic  physical  characteristics  of  this  little 
studied  phenomenon  and  determination  of  the  shape  of  the  atomization  jet.  there  have 
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been  conducted  corresponding  experiments  [12],  For  carrying  out  basic  experiments 
there  was  used  an  installation  with  supersonic  flow.  Air  was  fed  from  a  pressure 
chamber  into  a  supersonic  nozzle  adjoining  to  a  rectangular  chamber  120  x  120  mm, 
with  windows.  The  atomizer  was  a  cylindrical  tube  with  conical  tip,  which  ensured 
the  absence  of  shocks  on  the  atomizer  tube.  The  tip  of  the  atomizer  end  atomization 
cone  were  in  the  rhombus  equal  velocities.  From  a  cylindrical  channel  in  the  wall 
of  the  tube  at  an  angle  of  90°  to  the  axis  of  the  chamber  there  was  injected  liquid 
(flow  coefficient  u  «*  0.7  to  0.75).  Parameters  of  the  incident  flow  changed  within 
the  following  range:  Mach  number  M  =  2.902  to  2.0,  total  pressure  pQ  ■  15-5  to 
7.7  atm  (abs.);  stagnation  temperature  Tq  =  253°K.  Shapes  of  the  atomization  jet 
and  shockwave  were  studied  with  the  help  of  photography  by  the  Toepler  method  and 
spark  photography.  Photographs  were  made  in  profile  and  vertical  projections.  Analy 
sis  of  obtained  photographs  showed  the  following  features  of  the  studied  phenomenon:* 

1.  Before  the  atomization  Jet  there  appears  a  shockwave.  The  element  of  the 
wave  adjoining  the  root  of  the  fuel  stream  is  obviously  a  shockwave  which  is  close 

to  normal  (Fig.  2.23).  On  certain  pho¬ 
tographs,  especially  at  small  feed  pres¬ 
sures,  in  this  zone  before  the  normal 
shock  there  is  seen  a  small  —  shaped  or 
oblique  shock. 

2.  The  initial  section  of  the  shock 

wave  has  large  slope,  which  rapidly  de- 

Flg.  2.23.  Atomization  Jet  in  a  super-  creases.  For  the  most  part  the  wave  Is 
sonic  flow.  M  -  2.9;  dQ  =  1  mm;  Ap  - 

40  atm  (gage);  pQ  =  16  atm  (abs.);  TQ  =  ^uite  «ently  sloPlne  and  has  ln  both  Pr°- 
253°K.  Alcohol.  JectionB  almost  rectilinear  outlines. 

On  this  section  the  wave  rapidly  approaches  the  charcterlstic  (Mach  line). 

3.  The  range  of  the  atomization  jet  in  the  profile  projection  turns  out  to  be 
greater,  the  higher  the  feed  pressure  of  liquid  Ap  and  the  larger  the  diameter  of 
the  nozzle  opening  of  the  atomizer  dQ  other  things  being  equal  (Fig.  2.24).  In  verti 
cal  projection,  the  width  of  the  Jet  changes  little  (although  it  also  increases  some¬ 
what  with  increase  of  the  indicated  parameters). 

4.  The  outer  boundary  of  the  atomization  jet  which  over  its  initial  section 

‘Data  on  coarseness  of  atomization  in  supersonic  flow  can  be  found,  for  Instance, 
in  the  article  of  M.  S.  VoLynskly  (News  of  Academy  of  Sciences  of  the  USSR,  Technical 
Sciences  Branch.  1963,  No.  2) 
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Fig.  2.24.  Configuration  of  atomisa¬ 
tion  jet  and  shock  wave  during  feed 
of  liquid  into  a  supersonic  flow,  a) 
profile  projection;  b)  vertical  pro¬ 
jection,  M  =  2.9,  Tq  =  253°K,  Pq  = 

=  16  atm  (abs.),  d  =  1  mm.  Alcohol. 


has  large  slope,  tends  with  increase  of 
distance  from  the  point  of  injector  to 
approach  a  certain  asymptote,  which  is 
parallel  to  the  flow  axis. 

Photographs  done  according  to  the 
Toepler  method  make  it  possible  to  determine 
quite  exactly  the  outer  boundary  of  the  jet 
for  different  flow  engines.  The  zone  of 
burning  (and  first  of  all  its  initial  region) 
will  be  close  to  the  zone  of  the  atomization 
jet,  since  at  high  t°  of  the  flow  ignition 
apparently  occurs  before  the  moment  of 
vaporization  of  the  main  mass  of  Injected 
liquid  . 

Using  equations  of  the  liquid  line 
(§  6  of  the  present  chapter),  we  will  analyze 
the  question  concerning  shape  of  the  initial 


1  —  shockwave  ;  2  —  boundary  of  jets . 

section  of  the  outer  boundary  of  the  Jet  (without  taking  into  account  processes  of 
vaporization  or  burning). 

On  the  basis  of  observations  it  is  possible  to  assume  that  the  liquid  stream 

•2 


near  its  point  of  injection  is  blown  by  a  flow  whose  parameter  p^w 


is  close  to 

parameters  of  the  gas  behind  the  normal  shock  wave.  Then,  according  to  formula 
(2.44),  the  equation  of  the  liquid  line  on  the  interval  of  the  undisintegrated  stream 
will  have  the  form 

*-hU  +  lu+VEn)u+i)  I,  (2.50) 

at  small  values  of  kx  and  ky; 


*  *  f’ 


•  M. 


(2.51) 

(2.52) 


M*  * 

According  to  the  well-known  relationship  of  gas  dynamics,  it  is  possible  to 


wrtie 


1 » 


(2.55) 


where  X  =  - - velocity  coefficient  (gas-dynamic  parameter); 

*F 

a  -  critical  velocity  of  gas. 

KP 
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According  to  the  formulas  of  §  6,  we  will  estimate  the  magnitude  of  6  at  large 


'2, 


values  of  Dw  (large  values  of  p^w  ); 


* 


(2.5M 


Then  for  cnQ  *  1.3  we  will  obtain  expressions  of  ky  and  kx  in  terms  of  parameters 


(2.55) 

(2.56) 


of  the  incident  flow: 

Considering  the  region  of  small  values  of  kx  (kx  «  1)  and  keeping  In  expression 
(2.50)  only  terms  of  the  form  /Kx,  we  can  write 

**  toll  +  /aj|.  (2.57) 

Expanding  the  right  side  of  equation  (2.57)  in  a  power  series  and  leaving  the 
first  term  of  the  expansion,  we  will  obtain 


(2.5b) 


Relationship  (3.58)  gives  a  rough  approximate  formula  for  the  axis  of  the  ms 
torted  stream.  It  is  valid  only  under  the  condition  that 


l.e.,  at  small  x/d,  high  fuel  feed  pressures,  large  Mach  number  and  high  total  pres 
suros  of  flow  pQ. 

Assuming  that  the  front  boundary  of  the  stream  is  close  in  shape  to  (approxi¬ 
mately  equidistant  from)  the  liquid  line,  we  will  write  the  equation  of  the  initial 
segment  of  the  boundary  in  the  form 


X. 

4 


(2.60) 


The  real  proportionality  factor  in  expression  (2.60)  should  be,  thus,  close  to 
but  somewhat  less  than  unity.  This  is  explained  by  the  circumstance  that  real  local 
values  of  velocity  heads  pr/w  /2  of  the  flow  around  the  liquid  stream  gradually 
increase  (consequently,  the  value  of  y  should  decrease  as  compared  to  values  corre¬ 
sponding  to  formula  (2.5b))  with  departure  of  liquid  from  the  zone  of  the  normal 
shock . 

Using  results  of  measurement  of  the  boundaries  of  jets  by  photographs  obtained 
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Fig.  2.25.  Initial  section  of  boundary  of  an 
atomization  jet  in  a  supersonic  flow  (approxi¬ 
mate  analytic  formula). 
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by  the  Toepler  method,  and  processing  materials  of  the  experiments  in  dimensionless 
parameters,  we  can  check  the  accuracy  of  relationship  (2.60).  From  the  graph  in 
Fig.  2.25,  it  follows  that  experimental  points  approach  the  line  described  by  expres 
sion  (2.60);  its  slope,  in  accordance  with  what  has  been  said,  indeed  is  close  in 
order  of  magnitude  to  unity,  and  is  equal  to  0.75.  Thus,  the  approximate  relation¬ 
ship  of  the  initial  section  of  the  boundary  of  the  Jet  will  have  the  form 

<?.o> 

Like  the  feature  shown  in  §  6  for  conditions  of  subsonic  flow,  in  our  case 
equation  (2.62)  also  turns  out,  to  be  approximately  correct  over  a  certain  section 
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where 


(2.65) 


X- 0,412 


£_ 

* 


(2.64) 


The  structure  of  quantities  X,  Y  in  dependence  upon  (2.62)  reflects  the  influ¬ 
ence  of  variability  of  densities  of  velocities  at  different  points  of  the  flow  behind 
the  shock  wave  and  several  other  factors. 

An  important  circumstance  determining  the  technical  possibilities  of  using 
liquid  fuel  in  a  chamber  of  the  considered  type  is  wave  losses  from  the  actual  injec¬ 
tion.  By  determining  photographs  (made  in  two  projections)  the  shape  of  the  shock 
wave  appearing  before  the  atomization  jet,  we  can  estimate  the  magnitude  of  wave 
losses  due  to  atomization  of  fuel  in  the  supersonic  flow. 

The  Pitot  loss  coefficient  in  the  flow  o  will  be  expressed  by  formula 


(2.65) 


where  pn„,  pnu  —  the  averages  over  flow  rate  of  total  pressures  behind  the  shock - 
UH  wave  and  in  the  incident  flow; 

pn;  pn  —  total  pressure  at  different  points  behind  the  shockwave  and  In  th 
the  incident  fow; 

G  —  flow  rate  of  air  through  the  cross  section  of  the  atomization  jet. 

i 

Values  of  quantities  pQ  can  be  determined  in  dependence  upon  the  slope  of  the 
shock  wave  surface  at  different  points. 

Examples  of  calculations  (with  a  certain  exaggeration  of  losses)  give  for  the 
value  of  a  single  atomiser  at  M  =  2.9  the  values  0.85  to  0.9,  which  apparently  is 
acceptable  from  the  point  of  view  of  permissible  Pitot  losses.  However,  if  there 
is  used  a  group  of  atomizers,  the  given  value  of  1>  :ses  for  the  chamber  can  notice¬ 
ably  Increase.  Let  us  note  that  the  boundary  of  tne  jet  is  sensitive  to  the  influ¬ 
ence  of  the  shock  waves,  which  the  jet  can  encounter  in  the  chamber  (shocks  from  the 
diffuser  and  others).  In  these  cases  liquid  particles  try  to  follow  the  flow  lines 
behind  the  shock.  Shocks  can  also  cause  separation  of  the  boundary  layer  on  the 
atomizer  or  chamber  wall,  which  sharply  changes. the  configuration  of  the  jet  and 
the  magnitude  of  losses. 


§  8.  MOTION  OF  A  SINGLE  DROP  IN  A  GAS  FLOW 
Data  on  kinematics  of  motion  of  droplets  (velocity,  coordinates,  time  of  stay 
in  the  flow)  are  required  for  analysis  of  vaporization  and  u  stribution  of  drops  in 
a  gas  flow.  After  completion  of  disintegration  of  the  stream,  the  appearing  system 
of  drops  moves  along  definite  trajectories,  forming  the  fuel  Jet.  During 
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investigation  of  the  motion  of  the  entire  fuel  jet  from  the  injector,  it  Is  necessary 
to  consider  a  series  of  complicated  phenomena:  perturbation  of  initial  parameters 
of  motion  of  the  drops  after  disintegration  of  the  stream,  interaction  of  the  air 
flow  with  the  fuel  Jet,  etc. 

Let  us  consider  at  first  the  motion  of  an  isolated  drop.  The  obtained  results 
will  be  initial  data  for  construction  of  a  method  of  analysis  of  motion  of  a  system 
drops  in  a  fuel  jet.  Furthermore,  they  will  be  used  during  calculations  connected 
with  heat  and  mass  transfer  of  the  drops. 

For  the  purpose  of  simplification  of  the  problem  we  will  assume  that 

—  temperature  and  velocity  in  the  gas  flow  are  constant; 

—  weight  of  the  drop  is  negligible  as  compared  to  the  other  acting  forces; 

—  different  pulsations  in  the  flow,  for  instance  turbulence,  do  not  render  an 
essential  perturbing  influence  of  behavior  of  the  liquid  particle. 

Study  of  motion  of  a  drop  in  a  medium  exerting  resistance  is  based  on  the  equa¬ 
tion  of  motion  of  the  center  of  mass  of  a  solid  sphere,  which  is  written  in  the  form 


u  =  v  -  w,  (2.67) 


where  u  —  blowing  velocity  of  the  drop  (see  Fig.  2.15a); 

v  —  absolute  velocity  of  the  drop  (of  its  center  of  mass); 
vn  —  flowoff  velocity  of  vapor  from  the  drop. 

The  second  term  in  the  right  side  of  equation  (2.66)  represents  the  reaction 
force  appearing  due  to  nonuniform  flowoff  of  vapor  from  different  sections  of  the 
surface  of  the  drop.  It  is  possible  to  show  that  reaction  forces  appearing  due  to 
nonuniform  flowoff  from  the  drop  can  be  disregarded.  Thus,  we  take 


At 


const  do  -  du,  (2.68) 

From  comparison  of  equation  (2.66),  in  which  there  is  discarded  the  second  term 
in  the  right  side,  with  equation  (2.68),  it  follows  that  du  ||  u,  i.e.,  the  direction 
of  relative  velocity  during  entrainment  of  the  drop  by  a  uniform  flow  remains  con¬ 
stant.  Consequently,  the  trajectory  of  relative  motion  of  the  drop  is  a  straight 
line  located  at  an  angle  y  to  the  axis  ox,  where  y  =  const. 

The  finding  of  function  cm(Re)  for  determination  of  the  drag  coefficient  of  the 
drop  during  its  entrainment  by  the  flow  is  the  main  job  in  the  considered  problem. 


-92- 


‘T*.  f* 


IISSSSSSSSSS 


Fig.  2.27.  Drag  coefficient  of  a  sphere. 


Use  of  dependence  cm  =  cm(Re), 
according  to  Wieselsberger  [7],  as  this 
is  done  in  all  practical  calculations 
on  carburetion,  is  equivalent  to  the 
assumption  that  around  the  drop  at  the 
time  of  its  entrainment  by  the  flow  is 
quasi-static.  In  other  words,  it  is 
assumed  that  flow  near  the  drop  passes 
through  a  series  of  steady  states  corre¬ 
sponding  to  flow  at  current  values  of 
Reynolds  number  Re.  For  the  main  mass 
of  particles  encountered  in  the  spectra, 
this  assumption  it  apparently  close  to 


reality,  but  is  shoewhat  incorrect  for  the  smallest  drops  [15], 

In  the  literature  there  are  offered  a  number  of  approximation  formulas  for 
determination  of  the  drag  coefficient  of  a  solid  sphere.  In  the  region  of 
small  Reynolds  numbers  (Re  §  1)  Stokes  theorem  is  valid: 


A  formula  which  sufficiently  accurate  and  applied  in  a  wide  range  of  Reynolds 
number  Re  [16],  has  the  form 

c,.-21+.-<±. -J-0,32  at  I(H<Re<6.lO». 

However,  use  of  this  dependence  leads  to  complicated  expressions,  and  in  practi¬ 
cal  calcuations  there  is  usually  applied  the  formula  proposed  by  Vyrubov  [17] 

'  '  (Fig.  2.27): 

where  n  =  12.5  (10  s  Re  s  1000)  and  n  =  14  (10  s  Re  s 

§  500). 

Mean  deviation  of  results  obtained  by  formula 

(2.69)  at  n  =  14  from  experimental  data  is  3  to  5#. 

Q  ^  f  t  g  In  calculations  concerning  carburetion,  we  will  use 

Fig.  2.28.  Dependence  of  formula  (2.69)  at  n  =  14. 
functLon  f  on  the  deforma¬ 
tion  criterion  of  the  drop  Let  us  note  that  subsequently  the  influence  of 

(Re  =  719-1750).  •- 

water,  x  —  ethyl  alcohol,  vaporization  of  the  drop  and  drag  coefficient  will  be 
k  —  alcohol-soap  solution. 

disregarded.  The  influence  of  deformation  on  change 


Let  us  describe  the  process  of  deformation  of  the  drop.  In  thr  first  moment, 
forces  of  the  flow  cause  fast  deformation  of  the  drop.  This  deformation  from  Its 
beginning  to  the  moment  of  maximum  flattening  (^  =  ^  )  is  unbalanced  (interval 

AC  in  Pig.  2.29)  —  external  pressure 
greatly  exceeds  the  pressure  of  surface 
tension. 

From  the  moment  corresponding  to 
V'  =*  ^  x,  when  there  exists  approximate 
equilibrium  of  forces  of  surface  tension 
and  the  flow,  deformation  decreases 
statically  or  quasi-statically  (interval 
CO);  on  this  interval  the  measure  of 

Fig.  2.29.  Deformation  of  a  drop  en¬ 
trained  by  a  flow:  1  —  actual  change  deformation  V  is  determined  by  current 

of  2  —  accepted  dependence  ^(D)  = 

n  *5  values  of  criterion  D. 

=  *(Dr°-0?D  . 

With  entrainment  of  the  drop  by  the 
flow,  its  relative  velocity  and  criterion 
D  decreases,  and  function  ^  decreases,  tending  to  1  for  the  limiting  case  of  a 
spherical  drop. 


*It  is  possible  to  expect  that  in  other  ranges  of  Reynolds  numbers,  the  influence 
of  Re  on  ^  will  not  be  great. 


The  value  of  ^  (see  Fig.  2.29)  depends  on  magnitude  of  D  at  the  time  of  the 
maximum  stage  of  deformation.  If  in  the  beginning  of  motion  the  value  of  Dq  is  so 
large  that  by  the  moment  of  its  maximum  deformation  D  >  D.,.,,  =10,  then  the  drop  will 
be  split  up  by  the  flow. 

Calculations  show  that,  for  instance,  a  drop  with  a  =  200  p.  will  not  be  split-up 
in  a  flow  by  PD  which  is  usual  for  chambers,  even  at 


D, 


«4<L 


The  time  of  critical  deformation  can  be  estimated  by  formula  (2.2).  Time  of  stay 
of  the  drop  in  the  deformed  state  (^  t  1)  is  estimated  by  the  formula  (2.71).  Below 
there  will  be  derived  a  formula  for  determination  of  time  of  motion  of  the  drop 
(2.75).  If  we  assume  that  in  it  k  =  0;  <p  =  1,  then  the  formula  will  take  the  form 

(2.71) 


where 


A 

Vh 


[/?-']• 


-i-.-,/ HI  (at  D  =  2,  M  1,  see  Fig.  2.28). 

«•  v 


From  approximate  calculations  on  determination  of  t  [see  formula  (2.2)]  and 

Kp.fl 

-tfl,  it  follows  that  time  of  flattening  of  the  drop  composes  a  small  fraction 

of  the  total  time  of  stay  of  the  drop  in  the  deformed  state  (about  2  to  5$).  There¬ 
fore,  during  solution  of  the  equation  of  motion  we  will  disregard  change  of  V'(D) 
during  the  time  of  flattening  of  the  drop.  Me  will  consider  that  at  t  =  0  the  drop 
already  is  in  the  deformed  state,  and  with  its  entrainment  by  the  flow  becomes  spheri¬ 
cal  (curve  2  on  Fig.  2.29). 

If  the  initial  value  of  Dq  >  DRp  (DRp  =  10),  then  we  consider  that  at  the  time 
of  maximum  deformation  the  magnitude  of  'P(D)  will  reach  f(Dv  )  =  2.56  (see  Fig.  2.28), 
and  during  the  time  of  change  of  D  from  Dn  to  D„_  =  10,  the  value  of  ip  is  constant 

v  Kp 

and  equal  to  the  average  between  initial  V'(Dq)  and  maximum  ^(D  =  10): 


^  _  ♦W  +  ’HM)  _  >-M.»  _  |  78 

As  a  result  of  these  assumptions  during  the  solution  of  equation  (2.51),  the 
Influence  of  deformation  of  the  drop  at  the  time  of  its  flattening  Is  exaggerated, 
but  errors  in  the  solution  will  be  small,  since  the  initial  period  of  flattening  of 
the  drop  composes  a  small  fraction  of  the  time  of  stay  of  the  drop  in  its  deformed 
state . 

Let  us  proceed  to  the  solution  of  ’Tuition  (,'  o).  Decrease  of  diameter  of  the 

vaporir.ating  drop  will  be  considered  by  formula  (2.165) 
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mtr- 

Putting  in  equation  (2.66)  values  of  dv  from  (2.68)  and  of  a(u)  from  (2.16?) 
and  separating  variables,  we  will  obtain 

-f -.JO-MS-, 

*(t)  (iY*- 

_ ! _  '(*~)  _  L_ 

*(t)  (ir 

4L-w*t, 

where  L  is  the  coordinate  of  the  drop  in  i  system  moving  together  with  the  flow  with 
velocity  w  [see  formula  (2.67)]: 

#.i®W 


(2.72) 


(2.73) 


A- 


IMr 


Function  in  the  interval  of  change  of  J  for  the  case  > 

>  10  will  be  equal  to  j  — 41^ » 1,78  ,  and  in  the  interval  of  —  J  to  oj  at 


D0  *  10 


♦(i): 


In  order  to  Integrate  equations  (2.72)  and  (2.73),  we  will  expand  function  -^py 
in  a  series: 


_J__  .  .-W-* . ,  _  0,03d1** + fiffi  9  -  JBfL  flU 


(2.74) 


(error  6%),  where  D,  if  we  take  into  account  decrease  of  the  diameter  of  the  vapor¬ 
izing  drop  [see  (2.163)],  is  equal  to 


/.X»T  n  V 


mJn 


M 


After  integrating  equations  (2.72)  and  (2.73),  we  will  obtain 


*•  t)]: 


(2.75) 

(2.76) 
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VW 


■V  '•  .-*• 


where  «  10 


/..  .  «\  .  .  1-* /0.03DJ-*  f 

*■(*•*•  -)-•+— iTj+rl'-fe)  - 

(0,03)* r  /  M  \S^+I4*1  (0,03)*  Df* 

”  *(M  +  1.5*)  L1_UJ  J  +  0(8,5  +  21)  X 

*Hn)' 

QM'Dq  r.  / « .  (o.o3)*dJ«  r  ,  „ 

2(6,5+ 1,5*)  L  U/  J+  0(9,5  +  2*)  I'-CT  ])' 


at  DQ  >  10 


)  * 

*0-1 

/  4*cp 

l  to) 

(,0*  *•  ir'* 

1  1  4 

/J0\ 

fcp 

I**/ 

•FT) 


(2.77) 


+i-Ti(io.  *,  -ly 


Inasmuch  as  functions  tp^ ,  tp2  (2.77)  represent  complicated  polynomials  In  u/uQ, 
formulas  (2.75)  and  (2.76)  are  difficult  to  use  during  calculations  and  further 
analytic  computations.  Let  us  simplify  these  relationships,  representing  functions 
9^  and  cp2  In  dependence  only  on  the  initial  value  DQ.  At  D  =  2,  values  of  ip  differ 
little  from  1  (see  Fig.  2.28),  and  further  consideration  of  the  influence  of  deforma¬ 
tion  (at  D  <  2)  on  the  trajectory  of  motion  of  the  drops  Is  not  needed.  From  analysis 
of  formulas  (2.77),  one  may  also  see  that  with  decrease  of  relative  velocity  u, 
functions  and  q>2  rapidly  approach  constant  values. 

Inasmuch  as  blowing  velocity  of  the  drop  sharply  decreases  over  the  length 
(accordingly  criterion  D  decreases  still  faster),  the  section  of  change  of  D  (D  to  2) 
is  very  small  (x  §  100  to  200  mm). 

Therefore,  during  use  of  solutions  (2.75)  and  (2.76)  on  the  section  x  £  100  to 
200  mm,  functions  <p^  and  <j>2  can  be  simplified  by  putting  in  formulas  (2.77)  the 


value 


l+  — ■ 

— _/_J.\  J  .  In  this  case,  functions  9.,  9-  will  depend  only  on  two  variables 

».  \0»/ 
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Fig.  2.30.  Graph  <~r’  functions  ( D )  and  —  j . 


Dq,  k.  Graphs  of  the  dependence  of  q>^,  —  on  DQ,  k  are  shown  in  Fig.  2.30. 

In  solutions  (2.75)-(2.76)  and  during  further  computations,  instead  of  the  com¬ 
plicated  expressions  of  9^,  <P2  (2.77)  we  will  use  numerical  values  of  the  constants 

v  W 

Let  us  represent  equations  of  the  trajectory  of  the  droplet  in  absolute  coordi¬ 
nates.  Projections  of  absolute  velocity  of  the  droplet  on  axes  x,  y  are  equal  to 


di  4L 

•,-aoosf  +  aor 

4y  4L 

*,-!«  •  tin  T  or -j- 


(2.78) 


where  y  =  const . 


After  integration  of  (2.78)  we  will  have 

*  — •t  +  Lcorf,  \ 
gp-Ltiny.  I 


(2.79) 


In  formulas  (2.75),  (2.76)  and  (2.79),  values  of  t,  x,  y  are  represented  as 
functions  of  u.  In  such  a  form  these  formulas  are  inconvenient  for  calculations. 
Let  us  represent  t,  y  in  dependence  upon  a,  x.  For  shortening  of  further  computa¬ 
tions,  we  will  introduce  new  variables: 


7”X* 


-  »  -  *)  l->  «,cp«t 

*  fi(^.  *)  •+*  ■ 


(2.80) 


After  change  of  variables,  equations  (2.75),  (2.79)  will  take  the  form 


•4asT4 


I  -7+y.;;. 


(2.81) 

(2.8-) 


i  . : .  ;.y,  **  .• 


From  equations  (2.80)  and  (2.82)  it  follows  that 


(2.83) 


(2.84) 


Replacing  u  in  formula  (2.83)  by  T  from  (2.81)  and  substituting  y(t)  in  formula 
(2.82),  we  will  determine  7(a,  x): 


"<%.  *)  “  ^  — -J*  -au^AJ  — 


(2.88) 


where 


A-l  — 


* 


It  will  not  be  possible  to  express  function  t  in  explicit  form  (7  is  contained 
in  A). 

Values  of  au0xA  are  order  of  magnitude  less  than  1;  therefore,  t  can  be  deter¬ 
mined  by  successive  approximation;  setting  A  =  0,  we  determine  “^(a;  uQx)  by  the 

nomograph  (Fig.  2.31),  calculate  Af^)  and 
by  formula  (2.85)  calculate  72[iT;  uQx; 
A(~1)].  Maximum  divergence  between  and 
7^  for  large  drops  (100  to  200  u)  will  be 
5-10#  (see  §  11  of  the  present  chapter). 
According  to  the  definition  of  7  (2.80), 


time  of  stay  of  the  drop  aQ  on  the  section 


0-x  is  equal  to 


*{*,  x)  -  ?■(«(,.  A)  — , 


(2.86) 


Fig.  £.31.  Graph  of  the  function 
T(a:  uox)* 


where  t  will  be  determined  from  (2.85)  or 

(2.88). 

Depending  upon  direction  and  magnitude 
of  initial  velocity  of  the  drops,  7  changes 
in  the  following  way: 


u0x  <  0  or  (vo  cos  a  <  w);  t  >  1  —  the  drop  is  entrained  by  the  flow; 


it  Uqx  s  0  or  ( Vq  cos  a  >  w);  t  <  1 


—  the  drop  is  decelerated  in  the  flow; 


at  uQx  =  0  or  (v  cos  a  =  w);  T  =  1  —  the  drop  moves  along  axis  T5x  with  the  flow 
velocity. 

Thus,  yp(a;  x)  and  i(a;  x)  depend  on  fucntion  t,  which  in  turn  depends  on 
variables  a",  uQx  A  (see  formulas  (2.80)  and  (2.85)].  During  motion  of  an  undeformed 

drop  in  a  flow,  these  variables  will  have  the  form 


A-l 


-  1  *  » 


I  —  A  «t«»T 
l+k'  m  ' 


During  motion  of  a  nonvaporizing  drop  (k  =  0) 


A-I- 


I 


If  the  drop  moves  in  a  flow  without  vaporization  or  deformation,  then 


....  ....  r— 

x  » 


(2.87) 


In  this  case  function  t  will  depend  on  two  parameters  a,  uQxs 


(2.88) 


For  convenience  of  determination  of  yp(a;  x)  and  i(a;  x),  on  the  graph  in 
Fig.  2.31  there  is  given  a  nomograph  of  function  7(a,  uQx).  Calculations  show  that 
in  the  case  of  motion  of  a  deforming  vaporizing  drop,  values  of  7  can  be  with  suffi¬ 
cient  accuracy  determined  by  such  a  nomograph.  Thus,  for  k  %  0.05  (t  <  100°C)  D  §  5 
parameters  a,  uQx  can  be  determined  by  formulas  (2.87)  (error  in  values  of  7  will  not 
exceed  ~5 $).  When  values  of  k  and  DQ  are  respectively  within  the  limits  (0.05-0.1) 
and  (5-10),  quantities  a  and  uQx  should  be  determined  by  formula  (2.80).  Error  with 
use  of  the  nomograph  will  be  not  more  than  10$.  At  k  >  0.1  and  D  >  10.  values  of  7, 
especially  during  determination  of  yp(a;  x),  must  be  determined  by  the  more  exact 
formula  (2.85).  The  case  k  <  0.1;  DQ  <  10  corresponds  to  a  wide  range  of  regime  of 
motion  of  the  drops.  With  Increase  of  Intensity  of  vaporization  and  deformation, 
the  drops  are  more  rapidly  entrained  by  the  flow.  Large  drops  o-'  the  fuel  jet  are 
more  strongly  deformed  and  remain  longer  in  the  deformed  state;  therefore,  the 
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influence  of  deformation  on  the  time  of  stay  in  the  flow  and  on  coordinates 


y^(a;  x)  of  large  drops  will  be  larger  than  for  small  drops. 

Motion  of  a  Droplet  In  a  Flow  with  Variable  Velocity 
".'he  problem  of  motion  of  a  drop  in  a  flow  of  variable  velocity  has  practical 
significance  during  the  calculation  of  trajectories  and  vaporizability  of  fuel 
particles  in  a  combustion  chamber.  For  instance,  in  a  turbojet  combustion  chamber 
(TP#),  the  injector  is  usually  installed  directly  after  the  swirler,  and  drops  fall 

within  a  region  of  variable  velocity.  In 
the  chambers  of  ramjet  engines  (I1BP#)  ,  two- 
phase  flow  which  contains  drops.  Thus  it 
is  important  to  establish  whether  drops  flow 
around  the  body,  following  flow  lines  of  the 
gas,  or  settle  on  its  surface,  moving  by 
inertia  (see,  for  instance,  [5]).  Further¬ 
more,  in  considering  a  variable  flow  velocity, 
it  is  necessary  to  determine  how  drops  are 
vaporized  in  the  combustion  zone,  where  speed 
of  gases  increases  along  the  length  of  the 
combustion  chamber. 


Fig.  2.32.  For  derivation  of  the 
equation  of  motion  of  a  drop  in  a 
flow  with  variable  parameters. 

-  trajectory  of  drop;  - 

flow  lines. 


We  will  write  equations  of  motion  of  a  drop  in  field  of  variable  velocity,  for 
which  we  will  select  coordinate  axes  xyz,  placing  their  origin  0  at  the  point  of 
beginning  of  motion  (Fig.  2.32).  For  simplicity  we  will  consider  the  case  of  a  non¬ 
vaporizing  drop  at  maximum  deformation  n  =  const  ■»  29.  Maximum  deformation  will 
correspond  to  the  case  of  the  most  intense  entrainment  of  the  particle  by  the  gas. 
Let  us  assume  that 

v(v;  v  ;  v  )  —  absolute  velocity  of  drop; 
xyz 

w(w  ;  w  ;  w  )  —  flow  velocity  (velocity  of  following); 
xyz 

u(u  ;  u  5  u  )  —  relative  velocity  of  drop  at  a  given  point  of  the  flow. 

xyz 


According  to  equation  (2.1)  we  will  write 

4o  H 


6  * 


M1 


(2.89) 


or 


«  j-. 


I 

T 


«  " 

3  p„ 


(2.90) 
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where 


*  Pa 


I 

T 


7T* 


We  will  write  equation  (2,90)  in  projections  on  the  coordinate  axes,  remembering 
that  u  «  v  -  w: 


■J*  -•,)»+  (»,  -  »xJ*  <g,-»x). 

*“J“"  -  — 4sV,s,  -  —  i*  V  (■*  —  ■x)*  +  (0,  -  ■,)*  +  (Or-**)1  (»/—•,) . 

-  -  i»  V  for  —  »x)'  +  (0,  -■>)'  +  (Pi  —  »i). 


(2.91) 


where  wv;  w ;  w  are  components  of  flow  velocity, 
x  y  z 

Initial  conditions  are  t  =  0;  x  =  xQ;  y  =  yQ;  z  =  z0;  vx  =  vx0;  vy  =  vy0;  vz  = 


'zO- 


System  (2.91)  is  made  up  of  nonlinear  second  order  differential  equations 


in  the  functions  x  =  x(t);  y  =  y(x);  z  -  z( t )  and  cannot. 

be  reduced  to  quadratures,  as  this  can  be  done  during  motion  of  a  drop  in  a  flow 
with  constant  velocity.  Very  frequently  it  is  neces^ar^  1  ’•'<  fh  an  ayWHy 

symmetric  flow.  Therefore,  we  will  consider  integration  of  equations  for  the  cose 
of  plane  motion;  we  will  select  a  plane  passing  through  the  flow  axis  and  the  vector 
of  initial  velocity  of  the  drop  (vz  =  wz  =  uz  =  0).  For  convenience  we  will  introduce 
the  following  designations; 


then  system  (2.91)  will  be  written  in  the  form 


-  —  A  V(«  —  P)1  -H®  ~  »)*  (■  -  P). 

—  +  (*  —  ♦)*  (»  —  f). 


(2.92) 


where  p  =  p(x;  y);  q  *  q(x;  y)  are  given  functions  of  the  velocity  field. 

Let  us  give  the  most  simple  method  of  approximate  solution  of  system  (2.02);  the 
path  of  motion  of  the  drop  is  divided  into  small  intervals,  corresponding  to  At;  the 
flow  velocity  field  at  point  of  every  interval  is  considered  to  uniform  —  for  instance 
such  that  components  of  the  field  p  and  q  are  equal  everywhere  on  the  Interval  to 
their  values  at  the  initial  point  of  the  interval  of  the  partition.  Then  on  every 
interval  equations  (2.92)  can  be  twice  Integrated  by  one  of  the  methods,  presented 
in  the  preceding  paragraphs.  Shifting  from  interval  to  interva-,  we  will  obtain  an 
approximate  solution  in  the  entire  region;  It.  will  be  more  accurate,  the  smaller  the 
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Signs  (±)  in  formulas  (2.93)  and  (2.95)  are  taken  respectively  at  Uj  >  and 
Uj  <  p^j  signs  (±)  in  formulas  (2.94)  and  (2.9 6)  -  at  v1  >  q^,  .  The  given 

equations  permit  us  to  determine  parameters  of  motion  corresponding  to  the  initial 
point  of  the  Interval  according  to  data  on  parameters  of  motion  of  the 

initial  point  MQ.  Data  for  point  are  determined  from  initial  conditions  at 
point  Mq.  As  an  example  we  will  present  calculations  of  motion  of  a  drop  in  the 
field  of  an  ideal  vortex  and  in  the  flow  around  a  plate. 

Motion  jf  a  drop  in  .he  field  of  a  vortex.  Let  us  consider  a  drop  which  starts 

to  move  from  the  periphery  of  an  air  core,  being  located  at  the  initial  moment  at  a 

distance  r0  =  10  mm  from  its  center;  the  velocity  field  of  the  vortex  is  determined 

by  expressions  known  in  hydrodynamics: 


f- 


r# 


r* 


*»  +  *•  • 

f-ZF+vT , 


(2.97) 

(2.98) 
(2.99) 


where  f  =  2vwr. 

The  magnitude  of  circulation  F  will  he  selected  from  conditions  at  r  =  10  min. 


w 


40  m/sec,  which  can  approximately  correspond  to  the  order  of  magnitude  of  veloc¬ 


ity  in  the  zone  counter  currents  behind  the  flame-holder;  then  r  =  0.4  m /see. 

Initial  velocity  of  the  drop  v  =  30  m/sec  and  is  directed  at  an  angle  =  15°  to 

axis  Ox.  Dimensions  of  the  drops  will  be  selected  equal  to  a  =  10;  20;  4 0 ;  6 0  p; 

this  corresponds  to  the  region  of  small  drops  in  injectors  spectra.  The  interval 
of  the  partition  will  be  taken  to  le  M  =  2*10“'  sec. 
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=  25  Hi /sec,  w  =  40  n/sec  at  r 


In  Fig.  2.33  there  are  given  results  of 
calculation;  from  the  curves  it  is  seen  that  a 
drop  possessing  sufficient  inertia  only  distorts 
its  own  trajectory,  having  time  nevertheless  to 
emerge  from  the  sphere  of  the  vortex  (which  is 
arbitrarily  bounded  by  the  circle  with  r  = 

=  10  mm).  The  smaller  the  drop,  the  nearer  the 
slope  of  its  trajectory  to  the  slope  of  flow  lines 
of  the  vortex;  however,  not  one  of  them  is  in¬ 
volved  in  vortex  motion.  In  reality,  influence 
of  the  vortex  will  be  still  weaker,  since  the 
real  value  of  n  <  30.  This  result  will  agree 
with  experimental  data  about  the  almost  complete 
absence  of  drops  behind  the  flame-holder. 

In  Fig.  2.33  there  are  also  plotted  points 
which  are  the  result  of  ir  tegration  of  equations 


10  mm,  v  *  30  ir/sec. 

by  the  well-known,  but  more  complicated  method  of  Adams  [18]  for  a  drop  a  =  '0  [g]. 
It  is  possible  to  ascertain  that  results  of  integration  by  the  simplified  method  and 
by  the  method  of  Adams  turn  out  to  be  close. 


Motion  of  a  drop  in  a  flow  around  a  plate.  For  simplicity,  during  solution  of 
the  problem  there  were  used  formulas  of  flow  around  a  plate  set  transverse  to  the 
flow,  which  are  given  in  the  book  of  Mllovich  [19]. 
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In  Fig.  2,34  there  are  plotted  trajectories  of  particles  which  move  together 
with  the  fl^w  through  points  M^;  M2;  M^.  The  positions  of  these  points  are  selected 
so  that  drops  passing  through  them  with  the  dimension  indicated  on  the  drawing  will 
approximately  pass  near  the  outer  edge  of  the  plate.  Larger  and  larger  drops  moving 
through  these  points  (for  instance,  a  drop  with  a  »  10  p.  moving  through  point  M^) 
must  settle  on  the  surface  of  the  plate. 

The  main  mass  of  particles  of  liquid,  can  be  seen  from  Fig.  2.34  (drops  with 

a  s  6.5  u  usually  correspond  in  tne  spectra  to  0.2  to  3$  of  the  liquid)  during  flow 

around  a  plate  will  settle  on  its  surface. 

Drops  poorly  follow  flow  lines  during  flow  around  obstacles,  or,  in  general, 
during  sharp  distortion  of  the  flow.  This  is  obtained  even  for  the  exaggerated  values 
of  drag  coefficients  of  the  drops  used  in  calculation,  and  is  explained  by  the  con¬ 
siderable  inertia  of  a  drop,  the  specific  gravity  of  which  by  almost  800  times  exceeds 
the  specific  gravity  of  the  flow. 

§  9.  MOTION  OF  DROPS  IN  A  FUEL  JET 

During  calculation  of  the  distribution  of  fuel,  it  1b  necessary  to  know  the 
trajectories  of  the  drops.  Conditions  of  motion  drops  in  a  fuel  jet  will  differ  from 
conditions  of  motion  of  a  single  drop.  Experiments  in  measurement  of  the  distribution 
drops  of  the  Jf  u  in  a  flow  showed  that: 

1)  i  c  i  a  ration  of  drops  by  the  flow  (a0  =  20-200  u)  occurs  quite  weakly;  curves 

of  distribution  of  drops  of  the  given  diameter  cover  almost  half  of  the  width  of  the 

fuel  jet  (Figs.  2.35;  2.36); 


Fig.  2.35.  Distribution  of  drops  from  a  direct-spray  injec¬ 
tor.  Kerosene,  pB  =  1  atm  (abs.),  tB  =  50°C,  w  =  56  m/sec, 

ApT  =  5  atm  (gage),  dc  =  0.4  mm;  x  —  a  =  41.2  p,  A  —  a  = 

=  82.4  p,  □  -  a  =  144  p. 
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Fig.  2.36.  Distribution  of  drops  from  swirl 
injector  direct  against  the  flow.  Kerosene. 

PB  «  1  atm  (abs.),  t^  =  50°C,  w  =  58  m/sec, 

ApT  =  5  atm  (gage),  dQ  =  0.8  mm;  x  -  a  = 

*  41.2  u,  A  -  a  =  61.8  u,  O  -  a  =  144  4  . 

2)  curves  of  distribution  of  drops  have  clearly  pronounced  maxima;  coordinates 
of  maxima  ygK0(*i»  x)  represents  points  of  the  trajectories  of  ordered  motion  of  the 
drops ; 

3)  dispersions  of  drops  of  different  diameters  relative  to  their  trajectories 
of  ordered  motion  are  identical  in  order  of  magnitude:  small  drops  (aQ  =  20  to  80  u) 
are  dispersed  somewhat  more  than  large  drops  (a0  **  100  to  200  u).* 

Comparison  of  calculated  data  on  trajectories  of  ordered  motion  of  drops  with 
experimental  data  showed  the  following: 

When  the  swirl  injector  is  directed  against  the  flow  or  when  a  direct-spray  in¬ 
jector  is  directed  at  an  angle  to  the  flow  experimental  trajectories  of  drops  lie 
above  calculated  trajectories  (Fig.  2.37a).  Then  the  differences  Ay  =  y3KC(aj;  x)  - 
-  yp(a1;  x)  do  not  depend  on  diameter  of  the  drops  or  distance  from  the  nozzle  of 
the  injector  to  section  x. 

When  the  swirl  injector  is  directed  along  the  flow,  experimental  trajectories 
of  ejected  drops  lie  below  calculated  trajectories  (Fig.  2.37b),  where  the  differ¬ 
ences  yp(a1;  x)  -  x)  increase  with  increase  od  diameter  a  and  distance  x. 

When  the  injector  is  directed  along  the  flow,  initial  blowing  velocities  uQ  and 

•Spectra  of  atomization  and  distribution  of  drops  over  the  c-oss  section  of  a 
fuel  jet  were  determined  by  the  method  of  catching  of  drops  on  a  layer  of  carbon 
black. 
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Pig.  2.37.  Comparison  of 
calculated  trajectories  of 
drops  with  experimental,  a) 
centrifugal  injector  swirl 
injector  is  directed  against 
the  flow.  pB  =  1  atm  (abs.), 

tB  =  50°C,  w  =  58  m/sec,  Ap  = 

=  5  atm  (gage),  dQ  =  0.8  mm, 

2a  =  60°,  0,  =  5.3  s/s ec;  b) 

di- 

along  uns  now.  Kero¬ 
sene.  pB  =  1  atm  (abs.), 

tB  =  50°C,  w  =  66.4  m/sec, 

ApT  =  8  atm  (gage),  dc  = 

=  0.8  mm,  2a  =  60°,  C<T  = 

=  6.5  g/sec  .  — - —  calculated 

trajectories;  — ...... ex¬ 
perimental,  —  — - calcu¬ 

lated  trajectories  without 
taking  into  account  deforma¬ 
tion  of  the  drop. 


accordingly  criteria  DQ  will  be  less  than  10.  At  such  small  values  of  DQ,  trajec¬ 
tories  of  drops,  if  we  take  into  account  deformation,  differ  little  from  trajectories 
of  undeformed  drops  (Fig.  2.37b). 

Independence  of  values  of  ygKC(ai:  x)  -  yp(ai»  x)  ^rom  the  diameter  of  the  Irof 
(In  the  case  when  the  swirl  injector  is  directed  against  the  flow  and  direct-spray 
injector  is  directed  perpendicular  to  the  flow)  inidicates  that  the  influence  of 
deformation  on  trajectories  of  drops  has  been  satisfactorily  taken  into  account. 
Disparity  between  calculated  and  experimental  trajectories  of  motion  occurs  due  to 
interaction  of  the  fuel  jet  as  a  whole  with  the  gas  flow.  Actually,  in  the  region 
of  the  root  of  the  fuel  jet  at  a  small  distance  form  the  injector  nozzle,  density  of 
distribution  of  drops  is  so  high  that  the  uniform  flow  is  strongly  distorted,  pene¬ 
trating  inside  the  jet.  Depending  upon  the  shape  of  the  fuel  jet,  there  will  appear 
different  conditions  of  the  flow  around  it. 

Thus,  flow  around  the  fuel  jet  of  an  injector  directed  against  the  flow  is 
similar  to  flow  around  a  disk,  and  flow  in  the  region  of  the  jet  occurs  just  as  flow 
around  a  solid  obstacle.  Data  on  measurement  of  the  velocity  field  before  the  fuel 
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jet  and  in  its  zone  (Fig.  3.28) 
confirm  these  conclusions.*  The 
higher  the  feed  pressure,  the  larger 
the  dimensions  of  the  obstacle  (fuel 
jet)  and  the  larger  the  velocity 
defect  in  the  wake.  The  losses 
occur  basically  during  flow  around 
an  obstacle  (the  jet),  and  not  due 
to  entrainment  of  the  drops.  Approx¬ 
imate  calculations  show  that  losses 
of  momentum  of  flow  due  to  entrain¬ 
ment  of  drops  compose  20  to  30#  of 
total  losses  calculated  according  to  the  velocity  defect. 

When  the  swirl  injector  is  directed  along  the  flow,  the  fuel  jet  is  a  well 
streamlined  body,  and  in  this  case,  as  measurements  show,  perturbations  in  the  flow 
due  to  the  jet  are  insignificant.  Changes  of  direction  of  velocities  before  the  fuel 
jet  cannot  be  detected  by  deflections  of  a  silk  thread  placed  in  the  flow.  Losses  in 
the  flow  around  a  fuel  jet  are  small,  since  initial  velocities  of  drops  usually  are 
close  in  magnitude  and  direction  to  the  flow  velocity. 

In  spite  of  the  fact  that  perturbations  in  the  flow  due  to  the  fuel  jet  of  the 
injector  directed  along  the  flow  are  small,  disparities  between  calculated  and  experi¬ 
mental  trajectories  of  motion  of  drops  are  obtained  to  be  large  (see  Fig.  2.37b), 
because  the  zone  of  the  fuel  jet,  due  to  the  high  concentration  of  drops,  has  high 
flow  friction,  and,  furthermore,  flow  of  air  inside  this  zone  is  hampered.  The  atom¬ 
ization  Jet  is  compressed  by  the  flow;  this  leads  to  decrease  of  the  atomization 
angle  and  displacement  of  trajectories  of  particles  toward  the  flow  axis. 

In  other  regimes  other  factors  start  to  have  an  influence  —  air  located  in  the 
zone  of  the  droplets  is  entrained  by  them;  due  to  this,  inside  the  jet  there  occurs 
rarefaction.  The  current  of  air  approaching  the  zone  of  rarefaction  carries  drops  to 
tiie  center  of  the  jet.  Such  influence  of  the  fuel  jet  on  trajectories  of  drops  is 
analogous  to  the  effect  of  narrowing  of  jet  with  increase  of  feed  pressure  of  fuel 


♦Total  pressure  in  a  flow  containing  drops  was  measured  by  a  special  tube,  which 
was  made  in  such  a  way  that  in  the  tube  leading  to  the  manometer  there  did  not  appear 
liquid  plugs  from  drops  entering  the  heads.  Directions  of  velocities  were  determined 
by  deflections  of  silk  thread  . 


SO  U  70  m  B  tO  70  to  .  SO  to  70  v  rn/sec 


Fig.  2.38.  Distribution  of  air  velocity 
field  In  the  fuel  jet  of  a  swirl  injector 
directed  against  the  flow.  p_  = 

=  1  atm  (abs.).  w  =  75  n^sec,  ApT  = 

=  20  atm  (gage),  d„  =  0.8  mm. 

c 
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atomized  in  motionless  air.  In  a  flow,  this  effect  of  narrowing  is  more  weakly 
pronounced  due  to  decrease  of  relative  blowing  velocity. 


In  the  first  case  the  projection  of  initial  velocity  of  drops  on  axis  Ox  is 
less  than  the  flow  velocity;  drops  are  entrained,  and  the  greater  the  difference 
between  vQx  and  w,  the  stronger  will  be  the  influence  of  flow  on  the  fuel  jet  on  the 
whole  [see  formula  (2.102)], 

In  the  second  case  (cos  y  =  0;  vQx  =  w),  influence  of  flow  on  the  fuel  jet  will 
be  minimum,  and  the  coordinate  of  a  droplet  of  the  jet  should  coincide  with  the  co¬ 
ordinate  during  motion  of  a  single  drop  Yp(au),  (y  =  y^;  Ay  =  0). 

In  the  third  case  (v0x  >  w;  low  flow  velocities  and  high  feed  pressure  of  fuel) 
it  will  be  narrowed  from  rarefaction  inside  the  jet,  and  coordinate  y (a;  x)  will  again 
become  less  than  y^(a;  *)• 

For  approximate  calculations  at  cos  y  «  0,  it  is  possible  to  consider  that  y  = 

=  y  .  Maximum  error  during  determination  of  Ay(a^;  x)  can  attain  30  to  50$;  Inasmuch 
as  y  >  Ay  (on  the  average  by  2-3  times),  error  during  determination  of  y(a^;  x)  will 
be  about  10  to  15$. 

§  10.  DISPERSION  OF  DROPS  RELATIVE  TO  TRAJECTORIES  OF  ORDERED  MOTION 

As  was  shown  above,  drops  of  fuel  jet  are  incompletely  separated  by  flow,  and 
with  removal  from  injector  nozzle  are  noticeably  dispersed  from  their  trajectories 
of  ordered  motion  (see  Figs.  2.35  and  2.36). 

Dispersion  of  drops  over  cross  section  of  flow  occurs  basically: 

1)  due  to  turbulence  of  flow  and  turbulence  induced  by  fuel  jet; 

2)  due  to  random  deviations  in  Initial  conditions  of  motion  of  drops,  namely: 

—  disintegration  of  sheet  and  splitting  up  of  drops  occurs  not  in  the  nozzle 
section,  but  in  a  certain  volume  near  it; 

—  during  disintegration  of  sheet  and  splitting  up  of  drops,  values  and  directions 
of  velocities  of  liquid  particles  [vQ(a)]  will  differ  from  velocity  of  liquid  in  the 
sheet  (vQ)  —  this  occurs  due  to  oscillations  in  the  disintegrating  sheet  and  breakaway 
of  drops  from  its  surface; 

3)  due  to  incomplete  separation.  As  already  was  said,  the  region  of  disinte¬ 
gration  of  the  sheet  Is  weakly  ventilated  by  the  flow;  therefore  separation  of  drops 
of  the  jet  will  occur  very  sluggishly;  random  distribution  of  particles  in  the  root 
of  the  jet  will  be  as  if  "frozen"  on  a  certain  section  of  motion. 

Influence  of  these  factors  on  dispersion  of  drops  has  a  random  statistical 
character;  therefore,  it  is  possible  to  expect  that  experimental  distribution  of 
drops  will  obey  the  law  of  normal  distribution. 

Distribution  of  drops  with  diameter  a^  relative  to  a  direct-spray  injector  can 


be  represented  as  diffusion  of  drops  from  a  point  source  located  on  the  trajectory 
of  ordered  motion  of  the  drop: 


Bin  y)w‘NmtIy(a,\  x)e  L  K*r 


rr-tCr  *)T» 

f')  J  . 


(2.103) 


where  y(ai;  x)  —  coordinate  of  trajectory  of  ordered  motion  of  drop;  l(a^j  x)  —  mean- 

N(a.;  y) 

square  displacement  of  drops  from  trajectory  y(a1;  x);  TT(a1;  y)  =  -j  ;  £N(aA)  — 

sum  of  drops  of  diameter  over  cross  section  of  flow;  x)]  —  maximum  rela¬ 

tive  concentration  of  drops. 

Let  us  che-h  to  what  degree  experimental  distribution  curves  obey  the  Gauss  law 
(2.103).  For  this  we  will  represent  experimental  data  on  the  distribution  of  drops 
in  the  coordinates 


-InpOUL,  [y—  y (a,;  x)J*. 
#«.(*!) 


(Fig.  2.39) 

Experimental  points  may  be  plotted  in  straight  lines,  and  confirm  the  linear  depen¬ 
dence  (2.104 ) .  Consequently,  values  of  l/l 2  =  const  and  distribution  of  drops 
satisfies  the  Gauss  law: 


placement  of  drops  l(a^;  x)  (swirl  injector  di¬ 
rected  along  the  flow,  w  =  66.4  ny'sec,  ApT  ■ 

=  8  atm  (gage);  dc  =  0.8  mm). 

For  determination  of  magnitude  of  l(a^;  x)  and  its  dependence  on  regime  param¬ 
eters,  all  data  on  distribution  of  drops  from  direct-spray  and  centrifugal*  injectors 


♦Distribution  of  drops  from  swirl  injectors  could  have  been  represented  as  diffu¬ 
sion  of  drops  from  an  annular  source.  Inasmuch  as  experimental  curves  of  distribution 
are  determined  approximately,  we  will  represent  distribution  of  drops  from  swirler 
by  a  Gaussian  curve. 
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processed  in  the  coordinates  — In  **  »  [y — y(fli;  x)P.  Then  according  to  data 


iem 


on  slopes  averaging  experimental  points  of  the  lines  and  formula  (2.104),  there  were 

determined  values  of  l(a^;  x).  Values  of  l  depending 
upon  surrounding  conditions  changed  in  the  following 
ways  they  increase  with  increase  of  x,  and  weakly 
decrease  with  Increase  of  drop  dimension  (big  drops 
are  more  weakly  entrained  by  turbulent  pulsations). 

Dependence  of  l  on  diameter  of  drop  and  x  is  shown 
in  Fig.  2.40.  During  determination  of  dependence  of  l 
on  diameter  of  drops  and  regime  parameters ,  we  con¬ 
sidered  that  mean-square  displacement  l  is  the  sum  of 
two  displacements:  displacement  of  drop  under  influ- 


Fig.  2.40.  Dependence  of 
displacement  l(aA;  x)  on 

diameter  of  drops  (swirl 
injector,  w  =  66.4  m/sec; 
ApT  =  8  atm  (gage);  dc  = 

=0.8  mm) . 


ence  of  turbulent  pulsations  R  and  displacement  lc 
appearing  due  to  dispersion  of  trajectories  of  drops 
as  a  result  of  random  deviations  of  initial  data  and  incomplete  separation  of  drops 
in  the  root  of  the  Jets 

(MO*) 


Displacement  lQ  is  taken  to  be  proportional  to  displacement  drops  of  Jet  per¬ 
pendicularly  to  flow,  and  will  be  represented  in  the  following  form: 

l0  “  V 

where 


y~afalnT’t;  *  —  — ; 

(2.106) 

Displacement  of  drops  due  to  turbulent  transfer  (l  )  will  be  determined  from 
approximate  solution  of  equation  of  motion  of  a  drop,  carried  by  turbulent  pulsations: 

A  A _ CJ?  M*')*  (2.107) 

l  4x  *  2  » 

whe  re 

r--JL;/'-0,0l8DT,;  • 

»'-Var,  —  w'; 

eM  -  £(•«  Fig.  2.27*  Re'  -  [4-r30j; 

o-T,f  «•; 
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Solving  (2.107)  with  such  determinations  of  dv/dr,  c  ,  we  will  obtain 


» 

Displacement  of  drop  ^TtH  In  the  period  T  will  be  determined  as 

4. .  -  oT. 

Number  of  displacements  of  the  drop  during  time  t  is  equal  to 

_?L;  T»  J_. 

T  mt'  m 

Displacement  of  drop  under  influence  of  turbulent  oscillations  of  flow  in  the  section 
x  will  be 


(2.108) 

Putting  values  of  (2.106)  and  l  T  K  (2.108)  In  (2.105),  we  will  determine  l: 


TJl  «*TtM» 

^30 f 


/-&-S-«lnT  + 


«T 
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(2.109) 


where  B  »  0.17. 

Constant  B  is  determined  after  a  large  number  of  comparisons  of  l  aKcn  with  l  cy. 
Thus,  as  a  result  of  more  exact  solution  of  equation  of  motion  (2.66)  there  are  found 
new  formulas  for  calculation  of  coordinates  of  drops  and  time  of  their  stay  in  the 
flow,  taking  into  account  deformation  and  vaporization.  On  the  basis  of  experimental 
material  on  distribution  of  drops  in  the  flow,  there  is  obtained  an  expression  for 
determination  of  dispersion  of  drops  from  trajectories  of  ordered  motion. 

In  work  [5],  distribution  of  fuel  over  cross  section  of  flow  is  considered  as  a 
process  of  turbulent  diffusion  of  drops.  Thus,  distribution  of  fuel  from  a  direct- 
spray  Injector  directed  along  the  flow  is  represented  by  the  equation  of  turbulent 
diffusion  of  drops  from  a  point  source: 

/  f  «  ■  X 
*  ■  \  ff  *  +  ¥i' 

Solution  of  the  equation  has  the  form 


where  f(x;  y)  = 


cm(xy) 

- — - - local  ratio  of  fuel  to  air  flow  rates; 

'  B* " 


(1.09') 


RTp  —  radius  of  pipe; 


r 


G_,  G„  —  flow  rates  of  air  and  fuel; 

B  T 

Dr  —  coefficient  of  turbulent  diffusion  of  drops, 


■ffl 


T»  «*  ’ 


cd  —  frequency  of  turbulent  oscillations  of  flow. 

Distribution  of  fuel  from  swirl  injector  or  direct-spray  injector  directed 
against  the  flow  is  considered  as  a  process  of  turbulent  diffusion  of  drops  from  an 
annular  source  of  radius  R„ : 


where 


In  —  Bessel  function  of  zero  order. 


R0  f  BW 

Values  of  R0  are  determined  by  experimental  dependence  of  —  on  - «•,  where  r 

Prvo 

is  radius  of  injected  stream  of  fuel. 

Let  us  determine  to  what  effective  values  of  the  coefficient  of  diffusion  of 
drops  the  mean-square  displacements  l(a^i  x)  will  correspond.  From  comparison  of 


expression  (2.103)  and  (2. 109*),  it  follows  that  D 


w[I(ai;  x)]‘ 


According  to  data  on  l(a^;  x)  (Fig.  2.40),  we  have 

Sines  11.5  21,5  31,5 

I  Inca  0,8  1,6  2,5 

90  195  320 

Coefficient  of  turbulent  exchange  under  these  circumstances  is  equal  to 

ii  ? 

Dt  =  w  l  =*  86  cm  /sec, 

where 

w  =  E’W  =  0.05*64  =  3.2  m/sec; 
l  =  0.0l8'D  =  0.0027  m. 

It  appears  that  coefficient  of  diffusion  of  drops  is  larger  than  the  coef¬ 

ficient  of  turbulent  exchange  in  the  flow  DT,  which,  of  course,  is  incorrect.  Ficti¬ 
tious  values  of  exceed  values  of  DT  due  to  the  large  value  of  lQ  [see  expression 


,  V  -l'1  1  „H 


(2.105)],  i.e.,  due  to  the  fact  that  particles  are  dispersed  in  the  flow  mainly  not 
from  turbulent  diffusion  of  drojs,  but  due  to  variation  of  initial  conditions  of 

motion  of  drops  along  their  trajectories.  If  we  determine  D  ..  by  values  of  l 

8(JXp  T 

(2.108),  then  Dt  will  be,  as  we  see,  larger  than  Dg^. 

By  means  of  selection  of  correction  factors  to  the  diffusion  coefficient,  the 
authors  of  work  [5]  succeed  in  obtaining  agreement  between  calculated  data  on  dis¬ 
tribution  of  fuel  with  experimental  data,  but,  as  follows  from  the  given  materials 
about  motion  and  dispersion  of  drops,  such  a  description  of  the  process  does  not 
encompass  the  main  physical  phenomena,  and  therefore  is  limited. 

§  11.  DISTRIBUTION  OF  LIQUID  PHASE  OF  FUEL 
On  the  basis  of  what  has  been  presented  about  motion  of  drops  of  a  fuel  jet  and 
dispersion  of  them,  it  is  possible  to  present  the  following  model  of  the  phenomenon 


(y*) 


*  fniW 


and  a  scheme  of  calculation  of  dis¬ 
tribution  of  liquid  phase  of  fuel 
in  the  jet. 

During  atomization  of  an  in¬ 
jector  of  fuel  with  flow  rate  C»T, 
there  will  be  formed  a  spectrum  of 
drops  V(ai).  For  carrying  out  of 
calculation,  we  will  break  the 
spectrum  of  drops  into  groups  with 
average  diameter  a^  In  the  interval 
of  every  group.  As  a  result  of 
motion  of  particles  and  dispersion 
of  them  relative  to  average  trajec¬ 
tories,  we  will  have  in  section  x 
a  series  of  distribution  of  curves 


Fig.  2.41.  For  calculation  of  distribution  of  of  drops  a,  for  a  direct-spray  in¬ 
liquid  phase  of  fuel,  a)  for  direct-spray  in-  1 

jector;  b)  for  swirl  injector.  jector  (Fig.  2.4la)  and  for  a 

swirl  injector  (2.41b). 

Absolute  density  of  distribution  of  the  drops  a^  will  depend  on  the  percentage 

of  the  drops  in  the  spectrum  and  is  proportional  to  AV(a,  )G  . 

1  t 

Specific  fuel  flow  rate  from  group  of  drops  a^  at  point  (y;  x)  is  proportional 
to  density  of  distribution  of  the  drops  [see  expression  (2,103)]  and  is  equal  to 
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5  * 


.  r?  4  •  v  .  ••• 

•o-  • 

’  -  .  “ 

V.  '  ■" 


(2.110) 


*#«>  J. 

Composing  the  weight  balance  by  formulas  (2.111)  and  (2.113),  we  will  determine 


cmax*  yor  *  dir*ct"®Pray  lnjecotr 


AV(a^0,  -  2*|c(o(;  y)(y— y(a,;  x)l<f[y-p(a4;  x)J. 
Integrating  (2.111),  we  will  obtain 


For  a  swirl  lnjecotr 


AWG* - Fako  +  Foco  -  * j  {[p(fl,;x)  +  /(flj;  x)j/* |n “]*— 
i[f(«4;x)-;(q,;x)j/  fsSL.  Jj&  +  4ncBiI|x 


L  *(«<:*; 


xydy. 


According  to  (2.110), 


during  Integration  of  the  first  term  we  use  the  substitution: 


After  Integration  of  (2.113),  we  will  obtain 


<w(a<;*)- 


WMOr 


where 


]  _  JLifiifL  0  L  ‘(•r  ')  J  i  *  r |/s-  r(si:  *)  1 

»<•,;*)  +  lK  ic5TJ 


(2.111) 


(2.112) 


(2.113) 


(2.114) 


($  —  Laplace  function). 

y(a.;  x) 

For  jjg xj  2  function  Y  *  1. 

y(a<;  x) 

Cases  when  yj—  -  <  1  occur  very  rarely  (at  high  flow  rate  and  low  feed  pres¬ 

sure  of  fuel). 


During  calculation  of  distribution  of  fuel  in  the  jet,  we  consider  that  during 
motion  and  dispersion  of  drops,  between  them  there  is  no  interaction.  Then  specific 


-116- 


?> 


iaa& 


MKJ*,.  ft 


■**  I** 


MR 
"•  ft 


flow  rate  of  liquid  phase  at  every  point  of  the  jet  can  be  represented  as  the  sum 
of  specific  flow  rates  of  fuel  made  up  of  those  drops  of  the  sprectrum  which  land 


at  the  given  point: 


cM(< »,;*)« 


PaEiiA? 

1  ¥l\*)  J . 


(2.115) 


where  for  a  direct-spray  injector  we  will  determine  c  x  by  formula  (2.112); 

f 

y(a1;  x)  —  by  (2.101);  for  a  swirl  injector  we  will  determine  cmax  by  formula 
(2,114);  y(a^;  x)  —  for  the  injector  directed  along  the  flow  by  formula  (2,102); 
against  the  flow  —  by  (2.100);  l(a^;  x)  —  by  formula  (2,109). 

During  vaporization  of  drops,  distribution  of  liquid  phase  at  a  given  point  of 


the  fuel  Jet  can  be  determined  by  the  formula 


•wm  [>-*(«<;  V 

Determination  of  |§-V  ls  given  in  §  16  of  the  present  chapter. 

\ao/ 

In  the  particular  case,  distribution  of  fuel  in  section  z  (Fig.  2.4la)  during 
its  atomization  by  a  direct-spray  injector  is  equal  to 


W 1* 

L  j. 


*(*;  y»;  x)  -  J  ^(a,; 


Comparison  of  Calculated  Data  on  Distribution  of  Liquid 
Phase  oiJ  Fuel  with  Experimental  Data 

Data  on  distribution  of  fuel  in  the  case  of  intense  vaporization  for  swirl  in¬ 
jectors  directed  along  or  against  the  flow,  are  shown  in  Figs.  2.42;  2.59;  2.60. 

Distribution  of  liquid  phase  of  fuel  was  determined  by  the  volume  of  liquid  AV 


entering  intake  pipes  cf  the  rake  probe: 


e-car** 


2 

m  sec . 


where  h  —  height  of  column  of  liquid  in  measuring  holes  (or  tubes)  into  which 
liquid  flows  from  the  probe; 

d  —  diameter  of  measuring  holes; 

d_  —  diameter  of  inlets  of  intake  tubes  of  rake  probe. 

3 ,  Tp 

Comparison  of  calculated  and  experimental  results  on  the  distribution  of  liquid 
phase  at  different  preheating  temperatures  of  fuel  is  shown  in  Fig.  ?.60.  This 


y,  ,  i  -  '  !■ 
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Fig.  2.42.  Comparison  of  calculated 
data  on  distribution  of  fuel  with  ex¬ 
perimental  data  (swirl  injector  di¬ 
rected  against  the  flow;  fuel  is  gaso¬ 
line).  pB  =  1  atm  (abs.),  tfl  -  45°C, 
w  =  55  n/sec,  ApT  =  15  atm  (gage), 

t0  =  20°C,  GT  -  7.5  g/sec,  dc  = 

-  0.75  mm,  2a  -  60°.  - x -  equip¬ 
ment,  -  calculation.  1  —  distribu¬ 

tion  of  vapor  due  to  removal  of  vapor 
by  the  flow;  2  —  distribution  of  vapor 
taking  into  account  turbulent  diffu¬ 
sion. 


example  1b  interesting  due  to  the  fact  that  at  experimental  values  of  pT,  w 

projection  of  outflow  velocity  of  fuel  vQx  was  close  to  flow  velocity  w. 

As  was  noted  above  (see  §  9  of  the  present  chapter),  for  such  conditions  it  is 
possible  to  disregard  influence  of  flow  on  the  fuel  jet,  and  during  determination  of 
cm(x;  y)  to  consider  that  yja^;  x)  ■  yp(a^;  x).  Satisfactory  coincidence  of  experi¬ 
mental  and  calculated  data  on  the  distribution  of  c  (x;  y)  (see  Fig.  2.60)  showed 

m  max 

that  narrowing  of  the  jet  with  increase  of  preheating  temperature  occurs  only  due  to 
displacement  of  trajectories  of  drops  toward  center  of  the  jet  as  a  result  of  this 
vaporization  and  deformation. 

From  the  given  material  it  is  clear  that  calculated  data  on  distribution  of 
liquid  phase  of  fuel  will  on  the  whole  satisfactorily  agree  with  experimental  data. 
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Consequently,  methods  of  calculation  by  determination  of  the  atomization  spectrum,  *, 
trajectories  of  drops,  their  vaporization  and  dispersion  are  basically  correct. 

As  will  be  shown  below,  consideration  of  dispersion  of  drops  during  consideration 
of  distribution  of  liquid  phase  is  necessary  for  calculation  of  distribution  of  degree 
of  vaporization  over  the  cross  section  of  the  fuel  jet.  Data  on  distribution  of  only 
liquid  phase  can  be  rapidly  calculated  by  the  formula  proposed  by  Yerastovs 


where 


*«•»(«*;*)**¥  * 


r  2 


This  formula  is  valid  under  the  assumption  that  drops  of  the  fuel  Jet  are  sepa¬ 
rated  by  the  flow  and  in  the  ring  Ay  there  will  travel  only  particles  of  dimension 
a^,  the  amount  of  which  is  GTAV(a^).  Values  of  y(a^;  x)  should  be  determined  by 
formula  (2.84),  and  parameters  a,  u0x  —  without  taking  into  account  deformation  of 
drops  q)^  -  cp^/q^  -  1. 

Influence  of  interaction  of  fuel  jet  with  flow  on  change  of  trajectories  of  drops 
is  considered  by  introduction  of  empirical  corrections  n  to  parameter  If: 


a 


A 


1  A  » 

i-aVST  * 


where  when  injector  is  directed  along  the  flow  n  =  29  to  51;  when  Injector  is  directed 
against  the  flow  n  -  18  to  20. 

For  illustration  of  the  above  formulas,  we  will  consider  the  following  exam;  le . 


Example  of  Calculation  of  Distribution  of  Liquid  Phase  of  Fuel 

I.  Initial  Data  for  Calculation 

1.  Temperature  of  flow  t  =  200°C. 

B 

2.  Flow  velocity  w  *  86  m/sec. 

5.  Pressure  in  flow  pB  *  1  atm  (tech.). 

4.  Intensity  of  turbulence  eT  -  5$. 

i 

5.  Scale  of  turbulence  l  =  O.OSlS-E^p  -  2.7  mm,  DTp  -  150  mm. 

6.  Swirl  injector  directed  against  flow  (fuel  is  kerosene). 

7.  Angle  of  atomization  cone  2a  -  82°. 

8.  Feed  pressure  of  fuel  Ap^,  =  2  atm  (gage). 

9.  Fuel  flow  rate  GT  »  8.75  g/sec. 
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10.  Relative  initial  velocity  of  drops  uQ  «  1 0  5  tn/sec . 

** 

11.  Angle  of  inclination  of  relative  velocity  vector  to  axis  >  ■  108°30'. 

12.  Atomization  spectrum  of  drops  V(a)  (see  §  4  of  the  present  chapter). 

13.  Initial,  temperature  of  fuel  tQ  ■  45°C. 

14.  Length  of  section  of  motion  of  drops  x  -  365  mm. 

Data  of  calculation  are  reduced  to  the  following  table. 


Num 

ber 

» 4 

20 

40 

60 

60 

100 

120 

1 

2 

3 

4 
ft 

8 

7 

ft 

0 

10 

11 

12 

13 

14 

Hh 

a 

u 

? 

iW<  *)  tm 

J%sr 

*■&»*’ 

*mm  Kimi  s| 

0.2 

1.06 

0,91 
O.Oftftft 
_0  ,C6 

.  I.®* 

1,071 

0,387 

3.4 

2,18 

0,18 

0,0172 

0 

0 

12, ft 

1.14 

0,766 

0.27| 

-0,73 

1.18 

1,174 

0,17ft 

3,91 

1,8ft 

0,238 

0,029ft 

0,425 

0,0128 

tft.6 

1.16 

0,710 

0,81ft 

-0,678 

1,28 

1.17 

1,36 

4.4 

1.34 

0,23 

0,0306 

0,63 

0,0193 

28.2 

1,22 

0,67 

0,62 

-0,638 

1,328 

1,30 

1.96 

4,99 

1.24 

0.17 

0,0218 

0,738 

0,0158 

31,8 

1.28 

0.64 

1.17 

-0,61 

1.39 

1.46 

2,31 

8,35 

1.19 

0,086 

0,0106 

0,80 

0,0064 

38 

1.27 

0,62 

1.87 

-0,89 

1,43ft 

i.flo 

2.52 

8.86 

1,16 

0,07 

0.0088 

0,84 

0,0071 

IS 

tmm  «ca  (*ji  m)  X 

X#*i  i 

0  ** 

0,000126 

0,00042 

.0,0091 

0,01245 

0,00787 

0,00222 

0,00032 

0,000778 

0,00657 

0,0176 

0,0158 

0,0046 

0,000188 

0,00126 

0,0063 

0,0158 

n.00812 

0.00117 

0,00017 

0,00231 

0,0077 

0,00528 

0,00125 

0,00175 

0,00867 

0,00614 

0.00153 

1 

2 

3 

4 
ft 

ft 

7 

Num- 

ber 

0  C« 

0 

1 

a 

3 

4 

ft 

6 

7 

16 

tm.Mttfr  0) 

0.000292 

0,00042 

0,0007 

0,0206 

0,0378 

0,0472 

0,0255 

0.001 1 

17 

««  (JP  a) 

0,00354 

0,00604 

0.0339 

0,0688 

0,0782 

0,078 

0.0383 

0.0!  >58 

IS 

y% 

w.s 

09,3 

71 

55 

51,7 

39,5 

33,5 

24 

II.  Notes  and  Auxiliary  Calculations  (According 
to  Reference  Numbers  of  the  Table) 


1.  4  -  ■  -31.5 


whe  re 


100 


o  *  0.0258  kg/m;  pB  =  0.0074  kg’Sec^/m* ;  Uq  *  103  m/sec, 


According  to  Fig.  2.49,  at  tB  =  200°C  and  pB  *  1  atm  (abs.),  tp  =  112°C. 
By  formula  (2.169)  we  will  determine  tp :  £■»  163,5*0. 

3.  By  Fig.  2.52  we  will  determine  k(tp)  =  0.114. 

Values  of  <P1(k,  DQ)  and  <p?/<p1  will  be  determined  b.y  Fig.  2.30  at  k  =  0.114. 
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4. 

5. 

6. 

7. 

8. 
9. 
10 


-O.Wf, 


We  will  determine  7Q  for  given  a,  uQx  by  Fig.  2.31. 

We  will  determine  “0  at  given  7Q,  a,  uQx  by  formula  (2,85). 

*>“*•« tO -**) -».3(l -i) ca;  %T-- O.HH  . 

»(«<;  *)-*+A*“ib+3.«e». 

0.K4 


.  /(.,;4.,r0,t7-a^l+ - J— r-1-l.i 


-  1.01+  ■ 


*  + 10.4 


11.  Data  on  the  atomization  spectrum  will  be  determined  from  the  example  given 
in  §  4,  Chapter  II. 


12. 


emm(^.x)  ~7^y 


■0.785; 


JVM. 


■V- ! 


•*(«<;  *)-f  to  *)  ’  *to  *>»to  *) 

13.  See  data  on  vaporization  of  drops  in  §  16,  Chapter  II. 

Comparison  of  calculated  data  of  this  example  on  the  distribution  of  liquid  phase 
of  fuel  and  degree  of  vaporization  with  experimental  data  is  shown  in  Fig.  2.59b. 
Agreement  of  calculated  and  experimental  data  on  c^  ^  is  satisfactory;  disagreement 
between  them  with  respect  to  degree  of  vaporization  is  due  to  the  insufficient  accu¬ 
racy  of  calculations  of  dispersion  of  drops  in  the  center  of  the  Jet. 


§  12.  DISTRIBUTION  OF  VAPOR  PHASE  AND  TWO-PHASE  MIXTURE  DURING 
ATOMIZATION  OF  FUEL  IN  A  SWIRL  INJECTOR 

Distribution  of  vapor  fuel  in  a  flow  during  vaporization  of  drops  of  the  jet 
occurs  in  the  following  way:  fuel  vapors  are  blown  off  from  drops,  and  by  the  action 

of  turbulent  diffusion  are  spread  over  the 
cross  section  of  the  flow.  During  entrain¬ 
ment  of  drops  (section  0-xQ  in  Fig.  2.^3) 
the  blown  off  vapors  pass  along  flow  lines, 
and  trajectories  of  motion  of  particles  of 
vapor  do  not  coincide  with  trajectories  of 
motion  of  the  drops.  When  drops  are  en- 
trained  by  the  flow  (section  xn-x),  we  may 

, 

assume  that  trajectories  of  motion  of 
vapors  blown  from  the  drops  coincide  with  trajectories  of  motion  of  the  drops. 
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Fig.  2.43.  For  calculation  of  distri¬ 
bution  of  vapor  phase  formed  as  a  re¬ 
sult  of  removal  of  vaporized  fuel  from 
drops  by  the  flow.  1  —  distribution 
of  vapor  from  drop  a? . 


We  will  determine  the  distribution  of  vapor  without  taking  into  account  turbu¬ 
lent  diffusion.  The  section  of  entrainment  of  drops  where  their  trajectories  of 
motion  are  strongly  distorted  is  small.  Therefore,  for  simplification  of  calcula¬ 
tion  of  removal  of  vapors  on  this  section  we  will  make  the  following  assumptions: 

1)  rate  of  vaporization  of  drops  along  path  y[0  to  y(ai;  x ) ]  is  constant; 

2)  we  will  not  consider  dispersion  of  drops; 

3)  we  do  not  consider  the  fact  that  during  passage  of  the  flow  through  the 
fuel  Jet,  flow. lines  will  be  distorted  (we  consider  that  fuel  vapors  will  move  along 
the  straight  lines  of  initial  motion  of  the  flow). 

Under  these  conditions,  distribution  of  vapor  in  section  xQ  can  be  determined 
by  the  formula 


gfi-EAVMAZfa,;  xj. 


(2.117) 


where  Ay  —  interval  of  partition  over  the  depth  of  the  jet  (usually  Ay  * 

“  0.3  to  i  cm); 

AZ(a.;  xQ)  —  degree  of  vaporization  during  passage  of  drop  through  interval 
4VJ 

tzjaj  ; 

liSdAL 

A# 

at  y A  >  y(a^;  x)  we  have  AZ  •  0,  y(a^,  xQ)  —  coordinate  of  drop  aj^  in  section  xQ. 
Determination  of  Z(aA;  xQ)  is  given  in  §  15,  Chapter  II. 

On  section  xQ-x,  where  drops  are  mainly  entrained  by  the  flow,  distribution  of 
vapor  formed  during  vaporization  of  drops  on  the  interval  Ax  -  xR+1  -  xR  will  be 
determined  by  the  relationshi  ~ 


Let  us  consider  how  the  profile  of  concentrations  of  vapor  obtained  on  the 
assumption  of  removal  of  vapor  is  spread  out  due  to  turbulent  mixing.  Equation  of 
diffusion  in  cylindrical  system  of  coordinates  with  axis  Ox  located  along  the  axis 
of  the  injector  for  nonswirling  flow  can  be  written  as: 


AAi  *  4.  * 

“ar  " -ST  VT  “3r  +  W + “3T  * 


(2.120) 


where  ^  q  —  density  of  sources  of  vapor  fuel; 

Dt  —  coefficient  of  turbulent  diffusion; 

" c  —  concentration  of  vapor  in  g/cn? . 

Concentration  of  vapor  is  connected  with  specific  flow  rate  by  the  expression 

c  =  Vw. 

According  to  data  of  Gol'denberg  [20],  coefficient  of  turbulent  mixing  has  the 
following  values: 


D»“  (Re  >4*  I01); 

•  M 

*? 


Ot-CTTI'W  (Rel3.000-5-3.HPD. 


Re- 


where  w^  —  average  volume  rate  of  flow. 

In  the  diffusion  equation  (2.120),  sources  of  vapor  (evaporating  drops)  are 
distributed  over  the  entire  volume  of  the  fuel  Jet;  representation  of  function  q  by 
an  analytic  expression  with  which  it  would  be  possible  to  solve  this  equation  is  Im¬ 
possible  . 

—  3  .  _ 

Representing  derivatives  — £-,  —  in  terms  of  their  finite  increments,  we 

5y  dy  dX 

will  write  equation  (2.120)  in  the  following  form: 


*  +  *1-1.  »—£*.*  +  gJ,>J^hlt>y 


(2.1  1) 


Boundary  conditions: 

xn  center  of  the  Jet  c^  ^  ^  (we  assume  a  symmetric  distribution  of  vapor  re  la. 

tive  to  an  axis  Ox); 
on  the  wall  Qj,  ■  0, 
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Initial  conditions t 

as  the  initial  distribution  of  vapor  ^  we  take  the  distribution  of  vapor  calculated 

on  the  interval  “f 

■  ■*.‘3  ,*,/  ■  •  Hf* 

w.  .  . 

Distribution  of  specific  flow  rates  of  two-phase  mixture  of  fuel  can  be  expressed 


by  the  formula 


«)-«*(«;  f) +«.<*;  *). 


(2.122) 


where  Cg(x;  y)  —  will  be  determined  by  formula  (2.116); 

Comparison  of  calculated  data  with  experimental  data  on  the  distribution  of  vapor 
in  a  two-phase  mixture  is  shown  in  Fig.  2.42.  Calculation  of  distribution  of  vapor 


tc/«Aee 


Fig.  2.44.  Influence  of  turbulence  in¬ 
duced  by  a  lattice  on  the  distribution 
of  liquid  phase  of  fuel  (swirl  injector 
directed  against  the  flow;  fuel  -  kero¬ 
sene).  pa  -  1  atm  (abs.),  tB  ■  240°C, 
w  -  76  ny/sec,  ApT  -  1.3  atm  (gage), 
t„„  m  57°C,  d „  ■  1.2  mm. 

*  O 


is  very  labor-consuming.  Therefore,  it 
is  of  interest,  on  the  basis  of  working 
formulas  for  determination  of  liquid  and 
vapor  phases  of  fuel  and  experimental  data, 
to  conduct  qualitative  analysis  of  the 
influence  of  parameters  of  the  flow  and 
conditions  of  atomization  of  fuel  on  its 
distribution  in  the  flow. 

Influence  of  surrounding  conditions 
(turbulence  and  pressure  in  flow,  preheat¬ 
ing  of  fuel,  feed  pressure,  characteristics 


OT  J  *  0  *  *  of  injector  dc,  2a,  pc  and  its  position  in 

the  flow)  on  distribution  of  vapor  phase  and  two-phase  mixture  will  mainly  show  up 
in  the  change  of  the  distribution  of  the  liquid  phase  of  the  fuel. 

Influence  of  turbulence.  With  increase  of  intensity  of  turbulence  eT  by  means 
of  installation  of  turbulizing  lattices,  distribution  of  liquid  phase  of  fuel  is 
changed  in  the  following  ways 

Curing  atomization  of  fuel  by  a  direct-spray  injector,  the  inner  boundary  of  the 
jet  (where  small  drops  move)  becomes  indistinct  and  the  outer  boundary  remains  con¬ 
stant;  during  atomization  of  fuel  by  a  swirl  injector,  distribution  of  fuel  in  center 
of  Jet  becomes  more  uniform  (Fig.  2.44).  Such  changes  in  distribution  of  liquid  phase 
with  increase  of  eT  are  due  to  increase  of  dispersion  of  small  drops  of  the  Jet. 
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On  the  whole,  the  influence  of  turbulence  of  flow  on  distribution  of  liquid 
phase  is  small,  but  diffusion  rate  of  vapor  will  noticeably  increase  with  increase 

t  i  i 

of  intensity  of  turbulence,  since  ^  -  l  w  ,  and  w  -  eTw. 

Influence  of  pressure  in  a  flow.  Change  of  pressure  strongly  affects  distribu¬ 
tion  of  liquiu  phase  of  "uel.  Change  of  pressure  affects  distribution  of  vapor  phase 
of  fuel  by  change  of  distribution  of  liquid  phase  (sources  of  vapor)  and  coefficient 
of  turbulent  diffusion  DT  ~  eT,  and  eT~  (p/pQ)  ’  • 

With  decrease  of  pressure  drops  will  be  more  slowly  entrained  by  the  flow,  the 
fuel  .let  will  "open  up,"  and  the  distribution  of  vapor  will  be  more  uniform  over  the 
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Fig.  2.45.  Influence  of  preheating 
of  fuel  on  its  distribution  over  the 
flow  section  (swirl  injector  directed 
along  the  flow,  fuel  —  kerosene). 

pB  -  1  atm  (abs.),  tj  -  50°C,  w  - 

■  53  m/sec,  Ap  ■  20  atm  (gage),  x  ■ 

■  100  mm) . 


flow  section.  With  increase  of  pressure, 
flow  will  "close"  the  fuel  Jet  —  accordingly 
evaporated  fuel  will  be  concentrated  in  a 
narrow  zone . 

As  it  was  shown  in  §§  4  and  15, 

Chapter  II,  change  of  pressure  within  the 
range  of  0.5-2  atm  (tech.)  weakly  affects 
atomisation  of  fuel  and  speed  of  evaporation 
of  drops . 

Influence  of  preheating  of  fuel. 
Spreading  out  of  liquid  and  fuel  without 
preheating  (t^  *  20  to  40°C)  occurs  in 
the  following  wayi 
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0  -  fuel  flow  race  according  to 
data  of  distribution  of  specific 
flows  of  liquid  phase  in  a  flow. 


Close  to  the  injector  (see  Fig.  2.42j  x  ■»  150  mm),  the  profile  of  liquid  phase 
has  two  sharply  outlined  maxima.  Moreover,  a3  a  result  of  intense  evaporation  of 
small  drops,  in  the  center  of  the  jet  there  will  be  formed  much  vapor,  and  the  profile 


»  r tf ; 
v* . 
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*> 

of  evaporated  fuel  will  have  a  maximum  in  its  center.  With  further  increase  of 
distance  from  the  injector,  due  to  turbulent  mixing,  profiles  of  liquid  and  vapor 
fuel  (x  =  300  mm)  are  equalized. 

If  fuel  is  preheated  (gasoline  to  20  to  8o°C,  kerosene  to  40  to  160°C),  then 
due  to  the  more  intense  evaporation,  the  picture  of  distribution  of  liquid  and  vapor 
fuel  will  be  sharply  changed  (Fig.  2.45).  Atomized  fuel  almost  immediately  at  tht 
root  of  the  Jet  will  cross  over  to  the  vapor  state.  The  higher  the  temperature  of 
preheating,  the  more  evaporated  fuel  there  will  be  in  the  root  of  the  Jet,  and  the 
less  will  be  the  area  over  which  liquid  and  vapor  fuel  will  be  distributed. 

If  fuel  is  above  its  boiling  point  (for  gasoline  tR  *  90°C,  for  kerosene 
tK«n  *  16°°C ) ,  then  operation  of  injector  is  disturbed,  fuel  Jet  is  "closed,"  swirl 
injector  starts  to  work  as  a  direct-spray  injector  (Fig.  2.45,  t0T  =  210°C).  Calcu¬ 
lation  of  distribution  of  vapor  fuel  in  this  case  can  be  reduced  to  the  problem  of 


turbulent  propagation  of  gas  proceeding  from  a  point  source. 

Limits  of  preheating  of  fuel.  If  fuel  is  heated  above  its  boiling  point  at 
a  given  pressure  in  its  environment  (pB),  then  during  outflow  through  the  swirl 
chamber  and  injector  nozzle,  it  starts  to  be  rapidly  evaporated;  then  the  atomization 
cone  will  become  a  narrow  stream  and  fuel  flow  rate  will  decrease.  Distribution  of 
fuel  in  a  flow  with  such  operating  conditions  of  the  injector  will  become  very  non- 
uniform. 

With  further  heating  of  fuel  above  the  boiling  point  of  its  light  fractions  at 
a  given  pressure  in  the  fuel  manifold,  there  will  start  vaporization,  and  flow  rate 

of  liquid  will  almost  be  ceased. 

When  fuel  is  atomized  by  a  swirl  injec¬ 
tor,  it  should  not  be  heated  above  its 
boling  point  at  a  given  pressure  in  its 
environment  ,  so  that  pressure  of  saturated 
vapor  does  not  exceed  the  pressure  in  the 
environment,  and  the  fuel  does  not  boil 
during  outflow  from  the  injector. 

During  atomization  of  fuel  by  direct- 

r  ( teoVi ) 

Fig.  2.46.  Dependence  of  permissible  spray  injectors,  to  avoid  vaporization  in 
preheating  temperatures  of  fuel  on 

feed  pressure.  feed  lines  and  cessation  of  flow  rate  of 

liquid  through  injectors,  one  should  not  heat  it  above  the  boiling  point  of  Us  light 
fractions  at  the  given  feed  pressure. 


kin 
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Values  of  limiting  preheating  temperatures  at  given  pressure  of  fuel  in  feed 
lines  are  shown  in  Fig.  2,46. 

§  13.  DISTRIBUTION  OF  SPECIFIC  FUEL  RATES  DURING  ATOMIZATION 

OF  FUEL  BY  THE  MANIFOLDS 

During  design  of  a  fuel  manifold  (selection  of  type  of  injectors  and  their 
distribution),  it  is  necessary  to  know  how  flows  of  drops  interact  when  fuel  jets 

intersect.  For  clarification  of  this 
question  there  were  conducted  experiments 
to  determine  specific  flow  rates  of  fuel 
in  the  region  of  intersection  of  Jets  of 
two  injectors.  At  first  there  was  measured 
distribution  of  fuel  from  two  simultaneously 
working  injectors  (curve  3  on  Fig.  2.47), 
and  then  (in  the  same  regime)  from  each 
injector  separately. 

As  can  be  seen,  the  profile  of  dis¬ 
tribution  of  fuel  obtained  by  means  of 
addition  of  specific  flow  rates  in  the 
region  of  intersection  of  jets  satisfac¬ 
torily  coincides  with  the  profile  of  dis¬ 
tribution  of  fuel  obtained  during  simul¬ 
taneous  operation  of  the  injectors.  Con¬ 
sequently,  fuel  streams  at  the  indicated 
distances  between  injectors  freely  pass 
through  each  other.  Density  of  distribution 
of  drops  at  the  place  of  intersection  of 
jets  is  quite  small,  and  changes  in  distribution  of  fuel  due  to  collision  of  drops 
are  insignificant.  Thus,  it  has  been  experimentally  verified  that  the  general  profile 
of  specific  flow  rates  at  the  given  distances  between  injectors  can  be  determined  by 
addition  of  specific  flow  rates  of  liquid  phase  of  fuel  from  each  injector. 

In  Fig.  2.48  ther  are  compared  experimental  and  calculated  data  on  the  distribu¬ 
tion  of  liquid  phase  of  fuel  from  a  manifold  with  diameter  of  300  mm  in  a  pipe  with 
D  =  400  mm.  For  equal  distribution  of  fuel  over  the  flow  section,  injectors  of  the 
manifold  were  located  in  a  hexagonal  system. 

In  examining  experimental  data,  it  is  possible  to  note  that  in  spite  of  the 
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Fig  .  2.47.  Determination  of  specific 
flow  rates  of  liquid  phase  of  fuel 
during  joint  operation  of  two  injec¬ 
tors  (swirl  injectors  directed  along 
the  flow;  fuel  —  gasoline).  PB  = 

=  1  atm  (abs.),  tB  =  30°C,  w  - 

=>  61  m/sec,  Ap  =  10  atm  (gage),  dQ- 

=  0.8  mm,  2a  =  60°,  x  »  125  mm. 

1  —  left  injector  is  operating,  the 
right  one  is  suppressed;  2  —  right 
injector  operates,  the  left  is  sup¬ 
pressed;  3  —  injectors  operate  to¬ 
gether;  4  —  distribution  of  fuel  from 
addition  of  specific  flow  rates  of 
liquid  phase  of  left  and  right  injec¬ 
tors  . 
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Fig.  2.48.  Comparison  of  calculated  data  on  the  dis¬ 
tribution  of  liquid  phase  of  fuel  from  a  manifold  with 
18  injectors  with  experimental  data  (swirl  injectors 
directed  along  the  flow;  fuel  is  kerosene).  pB  =■ 

■  1,06  atm  (abs.),  tB  =  50°C,  w  -  73  m/sec,  ApT  = 

-  29  atm  (gage).  - x - x  experiment, 

'  calculation. 


large  number  of  injectors  in  the  manifold,  fuel  near  the  manifold  (x  =  125  mm)  is 
distributed  noriuniformly .  With  increase  of  distance  from  the  manifold,  the  profile 
of  specific  flow  rates  of  fuel  is  equalized  (x  =  575  mm). 

Calculated  data  on  distribution  of  liquid  phase  agrees  well  with  experimental 
data  in  the  section  x  ■  375  mm,  and  unsatisfactorily  in  the  section  x  ■»  125  mm  (see 
Fig.  2.48).  In  the  second  case  fuel  is  distributed  from  every  injector  nonuniformly 
about  its  axis,  but  the  number  of  injectors  in  the  manifold  is  insufficient  for 
statistical  averaging  of  nonuniformities  created  by  the  injectors. 

At  a  large  distance  from  the  manifold  (x  -  375  mm),  nonuniformities  in  fuel 
Jets  of  injectors  will  decrease.  Conditions  of  experiment  in  this  case  will  be 
nearer  to  the  assumptions  of  the  calculation  scheme,  and  experimental  data  will  agree 
better  with  calculated  data. 


§  14.  HEAT-MASS  TRANSFER  OF  A  DROP 

Drops  of  fuel  atomized  in  a  ramjet  engine  combustion  chamber  are  evaporated 
under  the  following  conditions.  Drops  of  liquid  formed  after  disintegration  of  the 
sheet  are  entrained  by  the  flow  and  heated  (cooled)  from  the  temperature  of  the 
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atomized  fuel  (t„)  to  the  temperature  of  equilibrium  vaporization  (t  —  temperature 


at  which  all  of  the  heat  flow  proceeding  to  the  drop  is  expended  on  its  vaporization). 

If  fuel  is  overheated  (tQ  >  tp),  then  at  the  time  of  cooling  of  drops  from 
initial  temperature  to  equilibrium  temperature,  rate  of  evaporation  of  them  is  deter¬ 
mined  basically  by  enthalpy  of  the  drops  and  weakly  depends  on  conditions  of  heat 
addition  from  without.  But,  conversely,  evaporation  of  cold  fuel  (tQ  <  tp )  very 
strongly  depends  on  rate  of  heat  addition  from  without. 

At  the  time  of  entrainment  of  drops,  they  are  blown  by  the  flow  —  heat  addition 
and  evaporation  thus  occurs  more  intensely  than  evaporation  of  entrained  drops.  On 
the  section  from  manifold  to  flame  front,  not  all  drops  are  unevaporated;  part  of 
fuel  will  enter  zone  of  burning  in  unevaporated  form.  Due  to  thermal  expansion  of 
the  burning  mixture,  flow  in  the  zone  of  burning  is  accelerated;  drops  cf  fuel,  as 
heavier  particles,  will  be  more  slowly  entrained  by  the  flow  (relative  to  the  drops 
there  again  occurs  blowing)  . 

Thus,  drops  in  the  combustion  chamber  are  evaporated  under  complicated  condi¬ 
tions:  at  variable  temperature  and  blowing  velocity,  during  change  of  physical 
properties  of  fuel  due  to  its  fractionation  during  evaporation.  Let  us  consider  the 
influence  of  all  these  factors  on  evaporation. 


Evaporation  of  a  Drop  Which  is  Motionless  Relative  to  the  Air 

During  evaporation  of  a  drop  in  a  medium  with  high  temperature  (for  kerosene, 
gasoline,  water,  at  t  >  100  to  200°C),  flowoff  of  vapor  from  the  drop  retards  heat 
addition  to  it,  and  in  this  case  processes  of  diffusion  and  heat  exchange  are  mutually 
related . 

Let  us  write  the  equations  of  heat-  and  mass  transfer  of  a  drop  with  its  sur¬ 
rounding  medium. 

Heat  flow  through  a  sphere  of  radius  r  around  the  drop  is  equal  to 


Q  -  4*^  —  +  Q.  —  4*r*c^J-icuv. 


( 2.12 3) 


The  first  term  of  the  right  side  of  equation  (2.123)  represents  flow  of  heat 
to  the  drop  due  to  thermal  conduction  of  the  gas;  2nd  term—  flow  of  heat  to  the 
drop  due  to  radiation;  3rd  term  -  flow  of  heat  in  the  mixture  of  gases  due  to 
flowoff  of  vaporized  fuel  from  the  drop. 


On  the  surface  of  the  drop  flow  will  be 


(2.124) 
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where  v  —  flowoff  rate  or  gas  mixture; 


da 

d- 


(  -r>) 


a  ■ 


dO 


4^-To,  * 

^  —  rate  of  vaporization  of  drop;  l  —  heat  of  vaporization  of  fuel;  Q  —  flow  of 
heat  to  drop  to  heat  it  from  initial  temperature  to  the  temperature  of  equilibrium 
vaporization  (see  below);  coefficient  of  thermal  conductivity  of  mixture  of 

fuel  vapor  and  air;  cpCM~  specific  heat  of  mixture  of  fuel  vapor  and  air; 

0 -C). 

c  —  dimensionless  concentration  of  fuel  vapor; 


c"  T"t J";  1t«“T''7+7#ty5'  (;vix) 

p  —  pressure  of  surrounding  medium  of  drop;  pfl  —  partial  pressure  of  fuel  vapor, 
which  is  equal  on  the  surface  of  the  drop  to  the  pressure  of  saturated  vapor. 
Considering  (2.125),  we  will  determine  flow  of  heat  due  to  flowoff: 


(■* 1  ■') 

liquating  heat  flow  through  spheres  r  and  r  and  considering  (2.127),  we  will 

n 

represent  equation  of  heat  exchange  of  drop  in  the  following  form: 

Equation  of  mass  transfer  of  drop  taking  into  account  flowoff  of  vapor  has  *  ho 

form 

-  4s ~  -f  4 nr’fa.c  o.  (  .  i  ) ) 

1st  term  of  right  side  represents  flow  of  fuel  vapor  due  to  diffusion; 

2nd  term  —  transfer  of  vapor  due  to  flowoff;  considering  (D.l.'o),  we  will 
simplify  It: 

■  R 

Then  the  equation  of  mass  transfer  will  be  written  In  the  following  form: 

<1-0 

During  solution  of  equations  (2,1,'S)  and  (:  .  1  50 ) .  bq  endonco  of  conq  lo-es 
XCM/l'|CU:  >cu’Dn  on  tel,1P°rature  ,s  not  consldorei,  an  1  their  vn  1  •  are  lot  rrnlned 
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at  average  temperature  tt P  = 


4+4 


El  i  in  i  r.at  i  ng  r  from  equations  (?.  198)  and  (2.129)»  we  will  obtain 


! 


iff 


1-4+—+^ 


r  dc 

—Qa  "*  J  c-i  1 


(P.131) 


<Kj 

e'"7T 


whe  re 


s  —  Tfir  Pn  — 

ia. 

«*» 


Pn 


(2.132) 


Let  us  determine  the  dependence  of  temperature  of  the  drop  on  air  temperature, 
for  this  integrating  expression  (2.131): 


(2.1  V,) 


Equation  (2,131)  is  integrated  on  the  assumption  that  9^  snddO/dt  are  constant. 
In  reality  these  magnitudes  depend  on  temperature;  therefore,  formula  (2.1 33)  i 
approximate  and  presents  interest  only  for  appraisal  of  the  influence  of  Q  ,  0^, 
dG/dt  on  temperature  of  the  evaporating  drop. 

When  rate  of  heat  addition  to  the  drop  is  equal  to  rate  of  heat  removal  L.v 
evaporating,  fuel  (Qnp  -  0),  there  will  occur  thermal  equilibrium  between  evaporatin' 
drop  and  its  environment,  and  temperature  of  the  drop  will  romlan  constant  until  i( 
full  evaporation.*  According  to  (2.133),  temperature  of  equilibrium  evaporation 


(vaporisation)  of  drop  at  =  0  will  be  equal  to 


mP)  r/i-c,y  i 


(2.1  2,) 


for  gasoline  and  kerosene,  dependence  of  temperature  of  equilibrium  evaporation 
on  temperature  of  air  is  shown  in  Fig.  2.49. 

We  will  determine  rate  of  evaporation  of  drop  dd/di.  Integrating  equatin' 
(2.123)  at  r  =  r0;  t  =  tK,  r  =  to;  t  =  t  ,  we  will  obtain 


HO 

TT 


4nrf.ni  P I  1  (4 — t%)Cpn 1 

"vr,n  • 


(2.1  ,  ) 


*The!'.e  reasonings  are  completely  accurate  for  evaporation  of  pure  li  tnids;  iurli 
evaporation  of  complicates  fuel  temperature  of  drop  will  Increase  wltn  fractionation 
(see  Jl'  I1-,  Cha|  for  TT). 
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we  will  represent  equation  (2.1 37)  in  the  form 

M  —  «T, 


where 


• — — taT=ir-,-s="T+ — 1 — J- 


(‘M^O 


anil  Integrate  it: 

(j  _gl  ■  ft,  (  .  1  ^  ) 

r'ormula  (2.140)  is  convenient  for  experimental  verification  of  Impendence  of 
0  on  larameters  of  medium  surrounding  the  drop  (t;  p)  and  physical  properties  of 
the  liquid.  The  drop  is  usually  suspended  on  a  quart?,  fiber,  and  by  decrease  of  a 
wi  Mi  respect  to  t  during  evaporation  or  burning,  there  are  determined  experimental 


VS  lue.  i  f’  (  . 


W"  will  I  termlne  criteria  Nu  and  Nu  .  by  definition 


No-— • 


Nu' 


B.  ’ 


where 


I- 


m 

it 


«*TC1I  (C%~Cm) 


(2. '41) 


(  ) 


Substituting  dG/di  from  (2.147)  and  t  -  t  from  (2.134)  into  the  expression  for 

,  B  P 

a,  P(2.14  J  ) ,  we  find  Nu  and  Nu  : 


N«.-7Tr^rr-in-^ 

It=57-' 

(lz^V_, 


(2.  '*'<) 


Let  us  consider  how  consideration  of  the  inequality  of  thermal  and  Ilf  fusion 
fiux'T.  [h  /  1  ;  see  (2.13 ’)]  Influences  criteria  of  transfer  Nu  and  Nu  and  lopri  n 

tp(tB^ ‘ 

At  w  =  .1  ,  functions  t^(tB),  NuCT,  NuCT  will  have  the  form 


u  l-e- 

NV-f^-NlV 

#  ./  -  W+-*. 
h  •  «*»<<»)*-*  * 


(  .  '•  '<  ) 


(•*. 


» '  ) 


Numerical  difference  between  values  of  Nu  (n  t  1)  and  Nu,T>t  =  J)  Is  ronsi  i  r 

CT  CT 

.'ti  le  ( !•’  1 1' .  .  .  rS0)  . 

Dependence  of  temperature  of  equilibrium  vaporization  on  temperature  of  air  i  ■ 
it  /  1  (  .154)  also  differs  from  dependence  tp(tB)  at  x  ■  1  (2.14L)  (Flp,  .4')),  an  s 
Mils  lift'orenco  In  values  of  tp  noticeably  affects  rate  of  vaporzlatlon  of  iropj  . 

In  region  of  low  temperatures  vi  <  1;  this  means  that  ''n<'aT.01l  ( f!or  ,,,irmulR 
(2.131)].  Consequently,  rate  of  vapori  zat  1  on  will  be  limited  not  bv  the  magnl  t.mb 
of  heat  -tuition,  but  by  the  rate  of  diffusion  transfer.  Thermal  ■-  hi  1 1 1 1 cl <u  os  Mr 
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Fig.  2  .50.  Dependence  of  Nusselt  number  Nu  on 
temperature  of  drop. 


drop  in  this  case  will  be  established  at  higher  temperature  (t,p)  than  for  y  ■■  1. 

With  Increase  of  temperature,  values  of  y  will  bo  larger  than  unity;  i  , 
diffusion  transfer  will  become  greater  than  heat  transfer.  In  this  case,  rate  of 
vaporization  of  drop  will  be  limited  by  rate  of  heat  addition,  which  at  high  tempera- 
turns  is  strongly  hindered  due  to  losses  of  heat  in  the  heating  of  vaporized  fuel. 


Fig.  2.51.  Comparison  of  calculate  !  data  with  ox|  erlim-nta  I 
■lata  on  the  dependence  of  equilibrium  temperature  of  drop¬ 
let  on  temperature  of  air.  -  calculated  curve:;, 

—  ———curves  averaging  experimental  joints. 


At  high  temperature:;,  losses  of  hnat  flow  In  heating  of  vapor  con. -I  lorn  I  ly 
excop  i  the  value  Of  heat  flow  necessary  for  valorization  of  iro|s,  and  I-  rouse 
proportionally  to  Increase  of  temperature.  Therefore,  heat  flow  proeeetlng  to 

-1^4- 


;  'V  *•  -J>.  , 


t 


V 


vapurizati on  of  the  drop  Increases  very  weakly  with  temperature  rise;  thus,  tempera¬ 
ture  of  e  ;u i lj trlum  vaporl  ration  tends  to  a  maximum  value  (close  to  boiling  point  at 
i  iven  pressure  In  the  envi ronment )  and  rate  of  vaporization  increases  only  from 
Increase  of  diffusion  coefficient  with  temperature  rise. 

Comparison  of  calculated  data  on  t  (t_)  with  experimental  data  (Fig.  .-’.51)  showed 
that  at  tfi  =  80  to  420°C  (where  h  <  1),  values  of  tp(tB)K^1  correspond  better  to 

experimental  data  than  t  (t.  V  .. 

p  B  H=1 

Measurement  cf  temperature  of  atomized  fuel  was  conducted  by  means  of  thermo¬ 
couples.  which  were  built  into  the  cooled  collector  tube  (see  Fig.  2.51).  Tempera¬ 
ture  of  liquid  entering  collector  tube  from  the  flow  was  measured  by  thermocouple  l 
at  that,  moment  when  differential  thermocouple  2  showed  absence  of  difference  of 
temperatures  between  temperature  of  wall  and  temperature  of  liquid  flowing  through 
Internal  cavity  of  tube. 

Thus,  from  the  given  comparisons  it  is  clear  that  the  theoretical  expression 

for  tp(tg)  determined  without  assumption  of  equality  of  thermal  and  dlff  is  ion  I’l  ixer. 

(D  =  a  )  is  more  exact, 
n  T.CM 


Vaporization  of  a  Drop  in  a  Flow 

Determination  of  dependence  of  Nu  (He)  is  conducted  in  the  following  way: 
sumlng  that,  profile  of  temperatures  in  boundary  layer  on  a  drop  locate  I  Ii  a  I’Lev: 
will  bo  the  same  as  during  evaporation  in  motionless  air,  we  will  determine  thick’. ■. 
of  layer  around  the  drop  in  which  heat  exchange  Is  carrLed  out.  Knowing  thlekno. 
cf  boundary  layer,  we  will  compose  heat  balance  of  evaporating  drop  and  will  t* l *  I 
dependence  of  Nu  on  Re. 

In  case  of  evaporation  of  a  drop  in  motionless  air,  profile  of  tern; era  turns  !. 
determined  by  formula  (2.146),  which  we  will  obtain  by  integrating  equation  (2.1  5) 


at  .ljt  =  0,  ,inp  =  0: 


r  (,-*.)  IrL^L.  1 

>-/,(',)  --i-|  eX  -  |J 


(2.14b) 


at  r  -  R,  t.(r)  =  t  .  By  definition, 


(2.147) 


Placing  in  expression  (2.147)  the  value  of  t^  -  tp  from  (  .146),  we  will  obtain 
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»— 17— )*- 1  ]  -  -1* -*  - •  epea1a>'  —  ig — it-  + 

4  L\  '•/  J  4wJtc«-  Dm  *°* 


4w*  (<•-<«)*€■  *■  V<»iTi 


tutting  in  this  formula  the  value  of  R/rQ  from  (2.152)  and  (1  +  from 
(  J,151),  we  will  obtain 


h.aft  feST* 

RFT 


»«T  4 


After  transformations,  dependence  of  Nu  on  Re  will  have  the  form 


Nu-Nuc  +  iki/  I 


1  /  Nmct 

./rzsr-l/  -  f-,/2 

J/  2Nu  f  ^-*.y  K  * 


xKF.VK: 


(2.154) 


Complex 


is  a  weakly  variable  function  of  Nu,  whose  value  is  close 


to  I  .  Maximum  deviation  from  1  will  be  equal  to  0.13  at  NuCT  =  2  and  Nu  =  5.  Under 
real  conditions,  Nu(,T  <  2;  and  Nu  changes  within  the  limits  3-10,  so  that  deviation 


from  1  during  change  of  Nu  will  be  less  than  0.13. 


dependence 


on  Nu  can  be  disregarded. 


Therefore , 


Analysis  of  equations  of  heat  and  mass  transfer  from  the  surface  of  a  plate 
shows  that  in  the  boundary  layer  when  there  is  flowoff  of  vapor,  dimensionless  pro¬ 
files  of  temperatures  and  velocities  are  similar,  and  ratio  of  energy  thickness  to 
.hydrodynamic  layer  almost  does  not  depend  on  intensity  of  vapor  flowoff ;  l.e.,  hydro¬ 
dynamics  of  flow  around  the  body  weakly  depends  on  intensity  of  flowoff.  Consequently, 
for  determination  of  constant  k  [see  formula  (2.154)]  It  is  possible  to  use  experi- 

4 

mental  data  on  dependence  Nu  (Re) for  weak  intensity  of  flowoff  (vaporization)  of 
d  rops . 


Experimental  data  f 21 ,  22]  (Tor  the  region  Re  [10  to  500])  are  well  expressed 


by  the  dependence 


Ifa-f+M'l'HtfC 


*.r*; 


Fir.  2.5?.  Influence  of  pressure  on  vaporization  of  a  drop 
(t  —  lift i me  of  drop  in  sec). 

dependence  of  t  on  p  in  explicit  forms 

t  m  t _ i _ _  1  .  Pm  -  em  -  0. 

'  •  c^o,  MrJL_l  ’  9ml 

h 

With  Increase  of  pressure,  tp  grows;  accordingly  rate  of  vaporization  (2.1!/  ) 
will  weakly  decrease.  Calculations  show  that  with  increase  of  p  in  the  interval 
0.5  to  3  atm  (abs.),  rate  of  vaporization  decreases  by  3$.  One  may  assume  that  in 
the  Interval  of  p(0.5  to  3)  atm  (abs.)  rate  of  vaporization  of  the  drop  located  in 
a  flow  does  not  depend  on  pressure. 

Using  formulas  (2,155),  (2.143),  (2,141),  (2.142),  we  will  represent  the  expres¬ 
sion  for  rate  of  vaporization  of  the  drop  located  in  a  flow  in  the  following  form 
[see  formula  (  J.159)]s 

TT-  —  2**TaAln  -J—f  (l  +  0,255?  (c„  c„)  /fie] . 

Change  of  pressure  will  affect  rate  of  vaporization  of  the  drop  as  a  result  of 
change  of  density  in  the  value  of  Reynolds  number  Re  of  the  flow,  i.e.,  rate  of 
vaporization  of  | roportlonal  to  Jp.  This  is  confirmed  by  experimental  data  of  work 
[?3]  (Fig.  2.53a),  in  which  there  are  described  experiments  on  vaporization  of  a  drci 
of  water  suspended  on  a  quartz  fiber.  If  by  the  slope  of  line  a^  with  respect  to  i 
we  determine  ( ,  then  these  data  on  6  are  averaged  well  by  curve  0.77  7p/pQ;  (pp  = 

=  1  atm  (abs.)  (Fig.  2. 53b). 

Influence  of  nonunlformlty  of  heating  of  drops.  Rate  of  vaporization  lepends 
on  surface  temperature  of  the  drop,  on  heat  losses  on  its  heating.  Time  of  tempera¬ 
ture  rise  during  heating  of  a  drop  (from  to  t^)  depends  on  rate  of  propagation  of 
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heat  through  its  volume,  which  is  determined  by  the  values  of  criteria  Pi,  F 


Hi  £  V  ^  .  c 

*-  **  * '  *  (f)1' 


where  X  ,  X^  —  coefficient  of  thermal  conductivity  of  the  gas  or  liquid  surrounding 
r  *  the  drop; 


aT  —  coefficient  of  thermal  diffusivity  of  the  liquid. 

For  drops  vaporizing  in  an  air  flow  at  values  of  Nu  (2  to  1$  i(0  to  0,01)  sec, 
a(0  to  200  u)»  &T  Rep  ■  0.007«10_  m  /sec,  the  criteria  Bi  and  FQ  change  within  the 
limits  Bi  ■  0.2  to  1;  Fq  -  0  to  0.1. 

From  consideration  of  nomographs  of  solution  of  the  problem  about  nonstationary 
heating  of  a  sphere  [24],  it  is  clear  that  at  such  values  of  Bi  and  F0,  heat  flow 
proceeding  to  the  drop  weakly  spreads  throughout  its  volume  and  is  expended  basically 
on  heating  the  outer  layer  of  the  drop. 

It  is  possible  to  expect  that  the  temperature  field  inside  the  drop  will  be 
equalized  from  the  forced  convection  appearing  as  a  result  of  entrainment  of  the 
outer  layer  of  the  drop  by  the  air  flow,  and  by  free  convection  appearing  in  the 
liquid  volume  due  to  the  temperature  gradient. 

Entrainment  of  the  outer  layer  is  observed  during  laminar  flow  around  large  Iropi 
[25].  Now  it  is  difficult  to  estimate  to  what  degree  the  outer  layer  of  the  drop  will 
be  entrained  during  turbulent  flow  around  it. 

The  influence  of  free  convection  on  increase  of  heat  transfer  Inside  the  ,ro| 


can  be  estimated  by  the  magnitude  of  the  correction  e  to  the  coefficient  of 

KOHB 


thermal  conductivity  [24]: 


l  'i*  J  ' 


(■VI 50 


where  tn>  —  temperature  of  surface,  center  of  drop; 


(3  —  coefficient  of  volume  expansion  of  the  liquid; 


tr^  —  Prandtl  number  of  liquid; 


6  —  thickness  of  layer  in  which  there  occurs  the  temperature  drop  tn  -  t 


Calculations  show  that  for  kerosene  at  a  =  2000  u,  b  =  500  p  an  I  t  =  ?n  - 


50  C,  e  >  1.  This  means  that  convection  mixing  inside  the  drop  take:-,  place, 

KOHB 


and  it  should  be  taken  Into  account.  At  a  =  200  u,  o  =  50  u,  and  At  -  t  n  -  t  »  ‘>n'f 


KOHB 


<  1;  this  means  that  convection  mixing  Inside  the  dro;  does  not  appear,  X 3(jj  — 


A-.  Thus,  at  values  of  a,  At,  and  I r,  which  are  typical  for  drops  of  fuel  atomized 
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ir  — -■  - 


in  the  combustion  chamber  of  an  engine,  convection  mixing.  of  liquid  Inside  droplets 
is  not  observed. 

Analysis  of  heating  conditions  shows  that  the  drop  is  heated  nonuniformly . 

Thus  it  is  impossible  to  consider  that  when  the  drop  enters  the  flow,  its  outer 
layer  is  instantly  heated  from  initial  temperature  to  equilibrium.  This  is  confirmed 
by  experimental  lata. 

Experiments  on  measurement  of  temperature  of  a  burning  drop  with  diameter  of 
a  =  1  to  2  mm  suspended  on  a  thermocouple  (see  §  4,  Chapter  VII)  show  that  heating 
times  for  gasoline  and  kerosene  are  10$  and  25$  of  their  time  of  vaporization  respec¬ 
tively.  The  droj  of  kerosene  Is  heated  to  160°C,  and  the  drop  of  gasoline  is  heated 
to  8o°C . 

Influence  of  fractionation.  The  process  of  fractionation  of  complex  fuel  during 
vaporization  of  a  drop  was  studied  by  Yerastov  [26],  Experiments  were  conducted  in 
the  following  ways  Into  a  heated  flow,  kerosene  was  atomized.  Incompletely  vaporized 


Mg.  .''4.  Distillation  curves 
of  fuel  for  ilfferent  degrees 
of  its  vaporization  in  a  flow. 

1B  =  1  atm  (aba.),  t„  -  207°C, 

v  =  4  m/sec ,  T  - 

=  to  atm  (gage),  tQ  =  25°C. 

T 

Degree  of  vaporization  drops 
in  a  flow.  I  -  7.  =  o$  (Initial 
■ '  a  it  |  le ) ,  —  z  =  15$.  x  =  80  mm, 

■>—'  =  26$,  x  =  80  mm,  4  — 

=  4  0$',  x  =  Ido  mm  —  H,  x  = 

=  So  mm  —  A;  5  —  z  =  6 5$,  x  = 

=  '4u  mm. 


drops  were  removed  from  the  flow  by  an  intake  tube . 
By  the  removed  samples  of  fuel  there  was  determine  i 
the  degree  of  vaporization,  and  then  there  was  con¬ 
ducted  Engler  distillation  of  the  fuel. 

On  Fig.  2.54  it  is  shown  how  the  proportion 
of  heavier  components  of  the  fuel  increases  due  to 
the  predominant  vaporization  of  the  light,  fraction:’. 
This  leads  to  decrease  of  saturate)  vapi  r  pressure 
and  Increase  of  equilibrium  vaporization  tempera¬ 
ture.  As  calculations  show,  in  s[  ite  of  increase 
of  equilibrium  vaporization  temperature  with 
fractionation  of  the  fuel,  saturated  vapor  pressure 
on  the  surface  of  the  drop  decreases.  Consequently, 
rate  vaporization  will  decrease  during  fractionation 
of  fuel.  During  60$  vaporiza* ion  of  drops,  satu¬ 
rated  vapor  pressure  decreased  l>,v  (rate  of 


at  ion  will  decrease  by  approximately  the  same  amount).  However,  there  are 


lata  showing  that  diffusion  burning  drops  of  fuels  consisting  of  mixtures  of  hydro¬ 


carbons  i  roceeds  without  noticeable  influence  of  fractionation  on  the  rate  of  valor¬ 


ization.  'bvlously,  in  case  there  is  intense  heat  addition,  rate  of  valorization 
of  t  lie  Imps  exceeds  the  rate  of  fractionation. 


Fractionation  of  fuel  can  be  influenced  by  a  nonuniformity  of  heating.  Nonuni¬ 


formity  of  heating  of  a  drop  promotes  uniform  vaporization  of  all  fractions  of  the 
fuel  from  the  heated  outer  layer.  Inasmuch  as  the  inner  part  of  the  drop  wiJL  not 
be  heated,  then  diffusion  of  light  fractions  into  the  outer  layer  will  occur  weakly. 

Thus,  it  may  be  concluded  that  for  low  rate  of  evaporation  and  low  viscosity 
of  fuel,  evaporation  will  occur  with  fractionation  and  deceleration  of  evaporation 
of  the  drops.  For  high  rate  of  evaporation,  the  influence  of  fractionation  of  fuel 
on  deceleration  of  evaporation  of  drops  will  be  insignificant.  Under  conditions 
typical  for  the  combustor  of  a  ramjet  engine,  the  influence  of  fractionation  of  fuel 
on  deceleration  of  evaporation  can  be  disregarded. 

§  16.  EVAPORATION  OF  DROPS  IN  A  FUEL  JET  (SPRAY) 

Fuel  atomized  in  a  flow  is  evaporated  under  complicated  conditions.  Drops  formed 
during  disintegration  of  the  liquid  sheet  and  splitting  up  are  entrained  by  the  flow. 
Thus,  temperature  of  the  drops  is  changed  little  from  initial  to  equilibrium,  ^haiire 
of  blowing  velocity  and  temperature  of  the  drops  very  strongly  affects  the  rate  of 
evaporation. 

In  order  to  take  into  account  the  Influence  of  blowing  and  change  of  temperabure 
of  a  drop  on  its  evaporation,  it  is  necessary  to  solve  simultaneously  the  equation:' 
of  evaporation  and  heating: 

- - »**»<«.-«->!  (J,) 

We  solve  these  equations  under  the  following  assumptions : 

1)  We  consider  that  temperature  and  air  velocity  are  constant  over  cross  section 
and  along  the  flow; 

2)  We  do  not  consider  that  during  change  of  temperature  of  the  drop  from  t  ( 

to  tp  the  drop  is  nonuniformly  heated  over  its  volume  (by  temperature  of  the  lro|  w 
Imily  the  average  volume,  or  the  surface  temperature). 

Let  us  transform  equation  (2.157).  By  means  of  successive  substitution  of  d 
through  f!u  (  .141),  Nu'  through  Nu  (2.143),  and  Nu  through  ('2.1  r>‘i) ,  we  will  let.or- 
mine  (3,  place  it  in  equation  (2.157),  and,  transforming  it,  will  obtain 

[1  +  °.2»r  ViS],  (.11) 


V  A.  '* 


% 
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We  will  express  Reynolds  number  Re  in  terms  of  t;  then  we  will  consider  the 
influence  of  deformation  and  evaporation  of  the  drop  on  change  of  blowing  velocity 
and  diameter. 

Let  us  determine  the  decrease  of  diameter  of  an  evaporating  drop  at  the  moment 
of  its  entrainment  by  the  flow.  For  this,  the  dependence  of  Nu  on  Re  (2.155)  will 

Le  represented  as 

Nu  =  Nu*, -f 034/ ^ 0.75/  /RT  (2.160) 


The  equation  of  evaporation  (2.157),  after  determination  of  P  taking  into 
account  (2.160),  will  have  the  form 


- OJS-c  aD.t'J-  jLziLj.  /Re. 


(2.161) 


Simultaneously  solving  equations  of  motion  (2.72)  and  evaporation  (2,161),  we 
will  obtain  • 


*(«*)  _k _ * 

*  "♦<«  ■ 


(2,162) 


where 


*.0,435=1=.  MO; 

*  r  (^r 


Function  ^(D)  takes  into  account  the  influence  of  deformation  of  the  drop  on 
change  of  blowing  velocity,  and  accordingly  of  rate  of  evaporation  of  the  drop. 
Theoretical  analysis  and  calculations  have  shown  that  the  influence  of  deformation 
of  drops  on  decrease  of  degree  of  evaporation  can  be  disregarded.  Error  does  not 
exceed  5  to  S'/).  Therefore,  during  integration  we  will  set  ^(D)  =  1. 

During  integration  of  equation  (2.162),  we  assume  that  evaporation  of  drops 
occurs  at  equilibrium  temperature  (t  =  t^;  k(tp)  »  const). 

After  integration  of  (2.16;>)  we  will  obtain 

(l.K  5) 


mu 


Taking  into  account  (2.163), 
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pi  I 

§*_dr- 
i:i£*  • 

fcgK  • 

h 


i?xH> 


where 


te-fc^ri. 

a 

»t(M 

With  the  help  of  (2.8*),  the  value  of  u/uQ  will  be  expressed  in  terms  of  T/a: 


KMP 


(2.165) 


The  value  of  Reynolds  number  Re  from  equation  (2.159) »  with  the  help  of  expres¬ 
sions  (2.164)  and  (2.165),  will  be  represented  as  a  function  of  T/a": 


(2.166) 


Placing  (2.166)  in  equation  (2.159),  we  will  obtain 


whe  re 


’  Hf-JR 


(■■.k  n 


During  change  of  temperature  of  the  drop  from  tQ  to  tp,  physical  constants  of 
fuel  and  gas  in  the  expressions,  Bn*7n/,T,  Re0,  a,  cp^,  and  function  q'(c();  )  chan.-' 

very  little.  Therefore,  during  integration  of  equation  (2.167)  we  will  cor  ■  I  |P|- 

D  ) 

them  to  be  constants,  and  determine  tp(cn;  c  )  at  t  *  t  ,  and  — -—EL,  He,,  a,  cp  —  ai 


fc.+  *1 


Function  f0(f)  very  strongly  depends  on  temperature  ol’  the  drop.  During  lnle- 
gration  of  equation  (2.167)  in  the  case  of  nonequilibrium  evaporation,  it  is  nccessar 
to  take  into  account  the  dependence  of  function  fn(t)  on  temperature. 

The  equation  of  evaporation  of  a  drop  (2.167)  will  be  solved  for  'wo  cases: 

1)  Evaporation  occurs  at  epiillbrium  temperature; 

2)  Initial  temperature  of  the  drop  differs  from  e  iul librium  temperat ti i e .  Tn 
the  second  case,  evaporation  of  the  Iroi  for  a  certain  period  of  time  of  the  entire 
"lifetime"  of  the  drop  will  occur  at  varying  temperature  and,  according l  ,  with 


t  a 
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varying  rate  of  evaporation.  As  is  was  shown  in  §  15,  drops  of  fuel  are  heated  (or 
cooled)  nonuni formly  with  respect  to  depth. 


Solution  of  the  problem,  of  evaporation  of  a  drop  at  variable  temperature,  taking 
into  account  nonuniformity  of  heating,  will  be  very  complicated,  and  unacceptable  for 
practical  calculations.  Therefore,  the  problem  of  heating  (cooling)  of  an  evapora¬ 
ting  drop  will  be  considered  under  two  extreme  assumptions: 

1)  at  the  moment  of  change  of  temperature  of  the  drop  from  tQ  to  tp,  it  is 
uniformly  heated  over  its  entire  volume;  i.e.,  we  assume  that  X^  ; 

2)  during  change  of  temperature  from  tQ  to  tp,  only  the  evaporating  part  of 
the  outer  layer  of  the  drop  is  instantaneously  heated;  i.e.,  we  consider  that  Xa  =  0. 

In  the  case  tQ  =  tp,  function  f,.(t  )  will  be  constant  in  time,  and  equation 
(  .167)  is  easily  integrated: 
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•♦(y;*)  |  Xt(i;  Jt). 


(2.1  r.H) 


who  re 


For  facilitation  of  calculations,  in  Fig.  2.55  there  is  given  a  graph  of  function 
>1(7/5;  m).  Values  of  functions  <p ( t ) ,  f2(t),  k(t)  are  given  in  Fig.  2.52, 

M  If  Refl  of  airflow  around  the  dro|  s 

is  small,  it  is  possible  to  disregard 
the  second  term  in  the  right  side  of 
equation  (2.168)  and  to  consider  evapor¬ 
ation  of  the  drop  under  static  conditions 
[see  formula  (2,14?)]. 

We  will  consider  the  problem  of  non¬ 


equilibrium  evaporation  under  the  assum.)  - 
tion  that  only  the  outer  layer  of  the 
evaporated  part  of  the  drop  is  heated. 

Heat  flow  expended  in  heating  the 
outer  layer  is  equal  to 


Fig.  .55.  Graph  of  function  O 
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where  c^.  is  specific  heat  of  the  liquid 


fuel 
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According  to  (2.136),  with  such  a  definition  of  0^  "nl  9j,=  0,  temperature 
of  the  evaporating  outer  layer  of  the  drop  is  determined  by  the  following  expression: 

«  i. 

Inasmuch  as  tp  =  const,  function  f2(tp)  will  also  be  constant,  .'olutlon  of 
equation  (2,167)  in  this  case  will  be  the  same  as  for  t tic  care  of  equilibrium  ev>p<  ra¬ 
tion  (2.168),  except  that  values  of  function  f  ,,  cp  and  m  will  be  determined  at  t_ 
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On  the  assumption  of  instantaneous  heating  of  the  iro(  over  Its  entire  volume, 
the  problem  of  nonequilibrium  evaporation  Is  solved  in  the  following  way: 
Transforming  equation  (2.158)  to  the  form 

Mr  + 

0  t SU.^-1)  .  0  a1  n  un 
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and  integrating  it  within  the  limits  a  =  a^;  a  =  ar ;  t 
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where  k  is  the  coefficient  of  thermal  expansion  of  the  liquid;  ,  =  ,  -  K t  • 
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The  analytic  dependence  of  f^(t)  on  t  Is  very  complicated;  tip  refer",  the 
Integral  in  e  pmtion  (2.170)  Is  solved  by  numerical  methods: 
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Knowing  the  dependence  of  (a^ /a(  )?  and  f  (t)  on  t  ,  we  will  •oiirt  r  r-t  ••  -rnph 
of  the  del  endencc  of  f.,(t)  on  (a/a(  )  Then  f  ,  will  1  <  com"  a  fur, -t  1  •<  -  I.,  t.f  be 

ratio  (a/a(  .)'’,  and  it  will  be  possible  to  transfer  It  1 1  tin-  lei  .  1  •  of  <  ru  ion 
(  ,lu7)  and  numerically  inte  -rate  It.  Then  equation  (  vb-Y)  will  take  the  t*o»*ti 
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(->.172) 


where  ap/aQ  is  relative  diameter  of  the  drop  upon  achievement  of  t  -  tp. 

Inasmuch  as  function  | ^  — lj  is  determined  only  graphically,  the  first  integral 
in  the  left  side  of  equation  (2.172)  must  be  solved  by  a  numerical  method: 


ffiSM'KiH  fiSHUil"- 

1  (t).- 

After  integration  of  equation  (2.172),  we  will  obtain 


(2.175) 


(2.17-0 


Influence  of  the  period  of  nonequilibrium  evaporation  on  the  total  percentage 
of  evaporation  of  drops  in  the  last  formula  is  taken  into  account  by  the  function 
i.  (+  is  heating  of  the  drop,  -  is  cooling). 

Let  us  determine  the  degree  of  evaporation  over  the  cross  section  of  the  fuel 
spray . 

Degree  of  evaporation  of  a  drop  strongly  depends  on  its  initial  diameter.  As 
a  result  of  dispersion  of  particles,  at  any  given  point  of  the  fuel  spray  there  will 
be  drops  of  different  diameters,  and  the  degree  of  evaporation  at  a  given  point  of 
the  spray  (Jet)  will  be  determined  by  the  concentration  and  evaporation  of  the  drops 
of  those  diameters  which  occur  at  the  given  point,  i.e., 

Z(r,  y)  =  ! _fitf£si£iiL  (?J7r>) 

(definition  of  c  ?  and  c  is  given  in  §  11,  Chapter  II). 

]R,  KCn  nt 

Degree  of  evaporation  of  the  entire  fuel  Jet  at  distance  x  from  the  Injector 
nozzle  Is  e  iual  to 


PH 


I 


During  derivation  of  the  working  formulas,  there  were  made  several  as.-umf t I  one 
as  a  result  of  which  errors  in  the  calculations  are  possible,  i  et  ns  estimate  - ir- 


nitudes  of  these  errors  in  examples. 

1.  During  derivation  of  formula  (2.174),  there  was  not  considered  change  of 
specific  gravity  of  the  fuel  at  the  time  of  nonequilibrium  evaporation  during  change 
of  temperature  of  the  drop  from  tQ  to  tp  [we  consider  that  y(t)  =  •>  ( tp  )  ] . 

During  change  of  temperature  of  kerosene  from  tQ  =  20°C  to  t  «■  i6o°C,  abuoLute 
error  in  determination  of  the  degree  of  evaporation  will  be  equal  to 
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0,075#. 


During  the  period  of  nonequilibrium  evaporation,  not  more  than  30#  of  the  drop  will 
evaporate  (consequently,  6  «•  0.2).  Then  the  highest  possible  error  for  complete 
evaporation  of  the  drop  will  be 


—-.0,078  0,2  100 
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a  2.25S. 


Z  100 

2.  During  determination  of  i  by  equations  (2.8*5)  and  (2.88),  values  cf  k^t"! 
are  taken  at  tp  without  considering  the  fact  that  at  the  time  of  nonequ 1  I  i hr  1  urn 
evaporation  k(t)  will  be  variable.  Error  due  to  change  cf  k  under  the  conilticns 


=  45°C,  k(t0)  -  0.008,  a(tQ)  -  1.07,  ”Ux(t0) 


■1.18,  t_  =  1 0 3°C ,  k(tc)  = 


'* , 


w  1 11  be 


a ( tp)  =  1.17,  ”qx( fcp)  -  -0.61  (a  -  100  u ;  x  -  u.v<5  m; 
w  *  86  m/sec  (see  5  11,  Chapter  II)). 
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Error  In  the  value  of  i  will  be  equal  to 


At  -  —  Ax  -  -0,065  -  0,27  m  sec 


T(a  «=  100  p 
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During  use  of  formula  (2.1  5),  we  do  not  consider  Uir!  the  ie|  cnde-fieo  Nu  (lv;) 
(2.160)  used  in  its  derivation  is  inaccurate  for  small  values  of  Ke. 


Fig.  2.56.  For  estimation  of  errors  during  analysis  of 
evaporation  of  drops  due  to  inaccurate  determination  of 
the  dependence  Nu  (Re). 

In  Fig.  2.56a  (for  the  specific  example  k  =  0.3),  curve  A  shows  change  of  k 
calculated  by  the  more  exact  dependence  Nu^  (Re)  [see  equation  (2.155)].  The  depen¬ 
dence  of  (a/a0)^  on  (u/u()),  which  is  determined  for  varying  values  of  k(u/u0) 

(Fig.  2.56b,  curve  B),  differs  little  from  that  calculated  by  formula  (2.163). 

The  biggest  divergence  will  be  in  the  region  —  <  0.03*  but  at  such  small  rela- 

u0 

tive  velocities,  when  the  drops  are  almost  entrained,  there  is  no  need  to  consider 
the  influence  of  decrease  of  diameter  of  the  drop  for  its  time  of  stay  and  trajectory 
in  the  flow.  Thus,  on  the  basis  of  these  estimates  it  is  possible  to  state  that 
errors  which  are  possible  during  calculation  of  values  of  ^(a^;  x),  i(a^;  x)  ai  i 
y(a^j  x)  will  not  exceed  10%, 


«)  b) 

Fig.  2.57,  Influence  of  temperature  of  air  (a),  flow  velocity  (b)  on 
degree  of  evaporation  of  drops  at  equilibrium  temperature. 


For  estimate  of  the  influence  of  parameters  of  the  flow  and  conditions  of 
atomi ration  of  fuel  on  the  degree  of  evaporation  of  drops  in  Figs.  2.57  and  2.58 
there  arc  riven  calculated  data  on  the  evaporation  of  drops. 


Calculations  were 
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Fig.  2.58.  Comparison  of  calculated  data  on  non¬ 
equilibrium  evaporation  on  the  assumption  of  sur¬ 
face  (X^  =  0)  and  volume  (X^  =  od)  heating  of  the 

drops . 

conducted  for  the  following  conditions:  a  swirl  injector  directed  upstream  (against 
the  flow);  2a  =  60°;  fuel  —  kerosene:  p  =  1  at  (abs.)j  w  =  80  m/roc ;  '\p  = 

=  (  atm  (gage);  x  =  100;  jOO  mm;  a  [20  to  100]|i. 

There  was  determined  the  Influence  of  temperature  of  the  flow  (Fig.  v>7n  • . 
velocity  (Fig.  2.57b)  and  initial  temperature  cf  fuel  (Fig.  V'>8).  Calculations 
show  that  evaporation  of  drops  is  influenced  basically  by  initial  llameter,  ait- 
temperature  and  initial  temperature  of  the  fuel. 

Influence  of  flow  velocity  on  degree  of  evaporation  of  the  drops  mainly  allows 
up  in  change  of  their  time  of  stay  in  the  chamber:  the  higher  the  velocity,  the 
shorter  the  time  of  evaporation  of  the  drops  ( 1  ~  x/'w). 

In  Fig.  2.58  there  are  compared  data  on  nonequllilrlum  evaporation  rf  drc-|  s 
which  were  calculated  on  the  assumption  of  volume  ( X  =  oj)  and  surfpce  ( \  =  1) 

m  m 

heating  of  the  drops. 

According  to  data  of  the  calculation,  it  is  possible  to  be  sure  only  of  tin 
fact  that  real  values  of  evaporation  of  drops  will  fall  within  the  regions:  '  t .. 


From  analysis  of  data  on  heating  of  drops  and  fractionation  of  fuel  (sec  i'  , 
Cha’ter  TI),  it  is  possible  to  assume  that  in  the  region  of  low  temperatures  of  'no 
environment,  when  [recesses  of  heating  and  evaporation  of  drop."  occur  slowly,  cal¬ 
culation  on  the  assumption  of  volume  heating  will  be  more  correct,  an  I  at  high 
terri|  0  natures  and  la  rpe  heat  flow,  results  of  calculation  on  the  a.-sumi  t  1  on  of  surfac 
heating  will  be  nearer  to  actual  data. 
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Example  of  Analysis  of  Evaporation  of  Drops  of  a  Fuel  Jet 
The  lint  of  Initial  data  Is  the  same  as  the  one  used  in  calculation  of  the 
distribution  of  liquid  phase  (see  <  10,  Chapter  II).  Calculated  data  are  given  in 
Table  2.1. 


Table  2.1 


Ref. 

No. 

a  p 

20 

40 

60 

80 

100  , 

120 

1 

t 

fl 

12 

4.28 

2,41 

1,65 

1.22 

0,91 

2 

R% 

86 

112 

168 

224 

280 

325 

3 

♦(4; 

0,173 

0.W 

0.46 

0.54S 

0,61 

0.665 

\«  / 

4 

0.265  f  . 

“7F — * 

0.162 

0,286 

0,37 

0,42 

0.48 

0,485 

S 

i  nrsec 

4.99 

4.91 

5,33 

5,81 

5.13 

6,30 

8 

'-(if 

1,210 

0,437 

0,253 

0,187 

0.142 

0,112 

7 

(i)* 

0 

0.425 

0,630 

0,735 

0,800 

0,820 

Notes  and  supplementary  calculations  are  given  according  to  reference  numbers 
of  the  table . 

1.  Values  of  7/a  are  determined  according  to  data  given  in  £  10,  Chapter  TT. 


2.  Re,.  -Ml.  280f4u.LV 
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5.  At  tB-  200°C;  tjj-  103. 5°C; 

*K)-0.1!4;  m 
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3  1—  * 

M0- 0,194,  f(O-0,87. 


-0,172; 


For  given  i/a  and  m,  we  will  determine  the  value  of  function  <J>(7/I;  m)  (see 
Fig.  2.55). 
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t  =  -Lt-4.18^. 
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A  comparison  of  calculated  data  with  experimental  data  is  given  In  §  17.  Cal¬ 
culated  data  on  this  example  are  used  it.  determination  of  the  degree  of  evaporation 


of  the  entire  spray  (see  Table  2.2). 


Table  2.2.  Comparison  of  Calculated  and  Experimental  Data 
on  the  Evaporation  of  a  Fuel  Jet  ■  1  atm  (abs,),  t^  = 

■  112°C ;  Fuel  -  Kerosene). 


Rtf. 

Ns. 

s 
■  a 

it 

• 

w 

*4 

ila  1 

(«tgo] 

Position  of 
Injector 

aM 

4 

4 

<'*=0) 

•0 

P«>c 

% 

24 

(A* -SO) 

*i 

1 

0.41 

aoo 

to 

0 

94 

• 

Alone;  the  flow 

:  4=0,8 
•-30° 

90 

46.2 

44.6 

t 

0,396 

200 

49 

88 

X 

Agolntt  the  flow 

4c-].2 

«=40* 

57.5 

51.6 

54,8 

3 

0,08 

900 

30 

60 

30 

Along  the  flow 

4-0,75 

■—30’ 

68 

18 

II 

2 

4 

0.08 

300 

125 

60 

30 

1 

Alonr  the  flo* 

4=0.75 

s-30° 

65 

24 

25,7 

21 

5 

0.08 

900 

175 

00 

30 

Alonfc-  th«  flow 

4=0.75 

o-30° 

61 

35 

43.5 

63 

§  17.  COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL  DATA  ON  EVAPORATION 

OF  A  FUEL  JET 

As  was  noted  above,  calculated  data  on  evaporation  of  a  fuel  .let  and  d I strll  ut  ir  n 
of  the  liquid  vapor  phases  depend  on  the  accuracy  of  calculation,  of  "elementary"  pro¬ 
cesses!  1)  atomization  spectrum;  2)  trajectories  of  drops;  })  lisperslon; 
ft )  evaporation;  and  5)  removal  of  /apor  from  drops  by  the  flow,  an  I  It;;  turbulent 
mixing  over  the  flow  section. 

Comparison  of  data  on  degree  of  evaporation  of  the  jet  and  distribution  of  the 
liquid  phase  of  the  fuel  is  shown  in  Figs.  2.59  and  2,60.  Divergence  between  cal¬ 
culated  and  experimental  values  of  Z(x;  y)  are  due  to  inaccuracies  in  the  calculation 
of  dispersion  of  droplets.  As  can  be  seen  from  comparison  of  data  on  evaporation  of 
the  jet  (Table  2.2),  results  of  calculations  on  evaporation  of  drops  of  thf>  Jet  on 
the  whole  Z^(2.176)  agree  better  with  experimental  data  than  the  data  on  distribution 
of  degree  of  evaporation  over  the  cross  section  of  the  jet.. 
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Fig.  2.59.  Comparison  of  calculated  data  on 
evaporation  and  distribution  of  fuel  with 
experimental  data,  a)  swirl  injector 
directed  along  the  flow;  fuel  —  kerosene; 

u  =  0.8  mm;  p  =  1  atm  (abs,);  t.  »  200°C, 

w  =  94  m/sec;  Ap,,  =  8  atm  (gage);  tQ  -  90°C, 

T 

x  =  410  mm.  b)  swirl  injector  directed 
against  the  flow;  fuel  —  kerosene;  d  » 

c 

=  1.2  mm;  p  =1  atm  (abs.);  t  =  200°C; 

B  B 

w  =  86  m/sec;  Ap  *  2  atm  (gage);  tQ  ■* 

T  ut 

=  46  C,  x  =  355  mm. 


In  Fig.  2 .60  there  are  compared  data  on  degree  of  evaporation  of  the  jet  and 
distribution  of  liquid  phase  for  different  preheating  temperatures  of  the  fuel.  Cal 
cula+.ed  curves  on  degreee  of  evaporation  taking  into  account  dispersion  of  droplets 
agree  relatively  well  with  experimental  data. 

Comparison  of  experimental  and  calculated  data  evaporation  of  the  jet  on  the 
whole  (see  Table  2.2,  3,  4,  5)  has  shown  that  experimental  data  on  evaporation  of 
the  jet  are  intermediate  between  those  calculated  at  Z^_Q  and  Z^=aj.  Consequently, 
both  schemes  of  calculation  of  nonequi.librium  evaporation  of  drops  give  limiting 
results  and  are  useful  only  for  approximate  calculations.  At  low  ambient  tempera¬ 
tures,  a  more  correct  explanation  of  experimental  data  is  obtained  if  we  assume 
volume  heating  of  the  drops. 

In  Fig.  2.6l  there  are  shown  experimental  data  on  Z  during  nonequilibrium 
evaporation  of  drops  of  heated  fuel  in  a  cold  flow.  The  degree  of  evaporation  is 
almost  constant  over  the  entire  cross  section  of  the  jet;  consequently,  evaporation 
of  all  drops  of  the  spectrum  should  be  identical.  • 

Identical  evaporation  of  drops  of  i:he  spectrum  is  not  considered  in  the  scheme 
of  calculation  assuming  surface  heating,  but  it  is  possible  to  explain  it  completely 
if  we  assume  volume  heating  of  drops.  Actually,  during  evaporation  of  heated  fuel 
in  a  cold  flow,  heat  addition  to  drops  aS(tB  -  t)  will  be  small,  and  rate  of  evapora 
tion  of  drops  will  be  high. 

Tn  formula  (2,171)  function  m.  —  <  will  be  close  to  zero. 

/.  M'> 

It 

Then  formula  (2.171)  can  be  represented  as 

(#-'***“ -**-* 

or 

I  »  *  0  .177) 

Thus,  noncquili.brium  evaporation  of  drops  in  this  case  occurs  basically  due  to 
internal  heat  content  of  the  drops.  This  is  confirmed  by  comparison  of  experimental 
data  with  calculated  data.  According  to  data  shown  In  Fig.  ?.6l  ,  ?aKecnep  ~ 

During  calculation  by  formula  (2.177),  zpac«i  ” 

For  [ractlcal  calculations  on  the  determination  of  nonequilibrium  evaporation 
of  drops  at  high  ambient  temperature,  it  is  more  convenient  to  use  the  scheme  of 
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calculation,  proposed  by  Yerastov  (with  the  assumption  or  surface  heating  of  Irops). 
Thus  we  should  remember  that  at  t^  <  t  ,  computed  values  of  Z ( a ^ ;  x)  will  be  somewhat 
higher  than  experimental  values  and,  conversely,  at  t ..  >  t  ,  Z  „„„<  7 

vJ  p  pBCM  cKLII 

In  those  cases  when  it  is  necessary  to  estimate  degree  of  evaporation  of  the 

Jet  rapidly,  it  is  possible  to  calculate  it  by  the  method  derived  by  Probert  (27], 

which  deal  with  evaporation  of  drops  of  the  spectrum  with  mean  evaporative  diameter. 

In  the  case  of  constant  rate  of  evporation  of  a  drop,  and  with  determination  of  the 

spectrum  by  formula  (2.2?),  mean  evaporative  diameter  a  will  be  equal  to 

cp 


“  a 


where 


Mean  evaporative  diameter  is  close  to  the  median  diameter. 

On  the  section  in  which  drops  are  entrained  by  the  flow,  during  nonequilibrium 
evaporation  the  rate  of  evaporation  of  droplets  Is  variable;  accordingly,  mean 
evaporative  diameter  will  change.  In  this  case  it  is  possible  to  estimate  evaporal.1i  t 
of  the  Jet  by  evaporation  of  a  drop  of  median  diameter  only  approximately . 


§  18.  EVAPORATION  OF  DROPS  IN  THE  COMBUSTION  ZONE 

Not  all  drops  in  the  mixture  will  be  eva; orated  in  the  section  before  the  flame 
front.  Part  of  the  larger  drops  of  the  spectrum  will  continue  to  to  evaporated  In 
the  combustion  zone  at  increasing  temperature  and  flow  rate.  The  percentage  o>‘ 
unevaporated  fuel  and  rate  of  evaporation  of  drops  in  the  combustion  rone  will  affect 
development  of  combustion  and  the  magnitude  of  physical  incompleteness  of  burning. 

With  variable  temperature  and  flow  velocity,  equations  of  motion  (2,66)  and 
evaporation  (2,167)  cannot  be  solved  in  quadratures.  It  is  necessary  to  solve  them 
by  the  method  of  numerical  Integration.  The  given  profile  of  temperatures  and  veloc¬ 
ities  in  the  flow  is  partioned  into  intervals;  we  will  consider  that  during  motion 
and  evaporation  of  drops  on  each  Interval  Ax  there  are  satisfied  the  following  cor  li- 
tions  j 

1.  Temperature  and  velocity  of  the  flow  arc  constant  and  re’]  to  the  average 

Bicp’  Wlcp’ 


magnitudes  t 


2.  We  consider  that  a  drop  In  the  combustion  zone  Is  carried  along  the  flow 
lines;  If  the  flow  lines  are  parallel  to  axis  Ox,  then  velocity  of  the  drop  will  be 
e  iual  to  Vx . 

3.  We  will  not  take  into  account  deformation  of  the  drops. 

4.  During  change  of  temperature  of  the  flow  (from  interval  to  interval),  tem¬ 
perature  of  the  drop  will  change.  Nonequilibrium  of  evaporation  of  the  drop  will 
be  considered  by  the  scheme  of  calculation  which  assumes  surface  heating  of  drops; 
temperature  of  a  drop  tp(tBjCp)  will  be  determined  by  the  formula  (2.169). 

3.  During  solution  of  the  equation  of  motion  and  the  equation  of  evaporation 
on  the  i-th  interval,  we  consider  that  the  value  of  the  diameter  of  the  drop  is 
constant  and  equal  to  a^ 

Integrating  the  equation  of  evaporation  (2.167)  under  these  assumptions,  we 
will  obtain 


where 


■  *l~l  t  fl  ■  p.  K  ■  —  •  ;  I 

»<c  2  ’  *  *  *  **» 


(?.17B) 


(.M79) 


The  value  of  u^^  will  be  determined  from  solution  of  the  equation  of  motion 

{■'.60)  on  Interval  Ax  for  a  constant  value  of  w, 

1  cp 

ViT-KF+iw  +  ( ? ,  1  BO ) 

where 


ti 


•i'P 

V  ■w  Vi 


Y t’H  Ouep)  T»  Nwcp) 


is  taken  from  the  calculation  of  evaporation  by  formula  (2,178)  on  the 
Interval  i  -  1. 

Calculations  on  evaporation  of  drops  in  the  combustion  zone  were  carried  out 
for  siecific  conditions  existing  in  special  experiments  for  clarification  of  the 
influence  of  atomization  spectrum  on  combustion  of  the  mixture  (see  §  7,  Chapter  /Til 
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fa  .g  -  atm  (gage) ) 


Fig.  2.62.  Evaporation  of  fuel  in  the  combustion  zone 
(fuel  is  kerosene;  the  manifold  consists  of  1?  swirl 


injectors  and  is  directed  upstream) .  o 


ciiecn 


=  1.16, 


PB  -  1  atm  (abs.),  wQ  =  55  m/sec,  tBQ  =  300°C.  a) 

atomization  spectra  of  fuel;  b)  experimental  data  on 
change  of  temperature  and  flow  velocity  along  the 
axis  Ox;  c)  calculated  data  on  evaporation  of  a  fuel 
spray  in  the  combustion  zone  (for  ApT  «=  2.5  atm  (gage)) 

—  section  BC;  curve  BC  corresponds  to  evaporation  of 
of  drops  under  the  assumption  that  velocity  and  tem¬ 
perature  of  gas  in  the  combustion  zone  (x  =■  200  to 
1200  mm)  increases  linearly  in  the  intervals  of 

t  [300-2000°C]  and  w[90-400  m/sec]. 


Experiments  were  conducted  under  the  following  conditions:  in  a  rectangular  channel 
there  was  directed  upstream  (against  the  flow)  a  manifold  of  swirl  injectors  (see 
Fig.  ,62a  and  Fig.  8.23).  Fuel  from  the  manifold  at  constant  air-l’uel  ratio  o  =- 
=  1.16,  but  with  different  fineness  of  atomization,  proceeded  to  the  flameholders 
and  burned  in  a  half-open  stream.  The  atomization  spectrum  was  changed  by  means 
of  selection  of  injectors  and  feed  pressure  of  fuel.  The  rate  of  combustion  of  i  ho 
mixture  was  determined  by  the  change  of  concentration  of  measured  on  the  flow 
axis,  temperature  and  velocity. 

For  analysis  of  experimental  data,  there  was  considered  two  oar.es  (  pT  - 
=  2,5  atm  (gage),  dc  =>  1.2  mm  and  ApT  =  19  atm  (gage),  1c  =  0.5  mm).  These  regimes 
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ha i  their  own  individual  spectra  (Fig.  2.62 a)  (which  were  calculated  by  the  formulas 
of  §  4,  Chapter  TI)  and  temierature  and  velocity  profiles  (Fig.  2.62b),  Results  of 
calculations  for  evaporation  of  the  Jet  In  the  section  before  the  front  and  in  the 
combustion  zone  are  shown  in  Fig.  2.62c. 

Degree  of  evaporation  of  fuel  in  the  sprays  at  ApT  ■  2.5  atm  (gage)  and  ApT  a 
=  19  atm  (gage)  in  the  section  before  the  front  AB  (x  =  385  mm,  see  Fig.  2.62c)  was 
95$  for  ApT  =  19  atm  (gage)  and  78$  for  ApT  =  2.5  atm  (gage).  In  both  cases  equal 
quantities  of  evaporated  fuel  entered  the  combustion  zone;  therefore,  combustion  of 
mixtures  at  ApT  =  2.5  atm  (gage)  and  ApT  =*  19  atm  (gage)  proceeded  almost  identically 
(temperature  and  velocity  profiles  at  ApT  =  2.5  and  19  atm  (gage)  differ  slightly 
from  each  other)  (see  Fig.  2.62b). 

In  spite  of  the  temperature  rise  in  the  combustion  zone,  evaporation  of  the 
remainder  (sectiftn  BC  on  Fig,  2.62c)  proceeds  quite  slowly.  Degree  of  evaporation 
of  the  remainder  increases  only  slightly  because  due  to  acceleration  of  flow  and 
increase  of  velocity  of  the  entrained  drops,  time  of  their  stay  in  the  flow  in  each 
Interval  Ax  decreases  more  rapidly  than  the  rate  of  evaporation  increases  due  to 

Increase  of  temperature  of  the  gas. 

1 

Curve  BC  shows  evaporation  of  the  ^empinder  under  the  following  conditions: 
on  the  interval  x  =  400-1200  mm,  temperature  and  velocity  in  the  combustion  zone 
increase  linearly  within  the  limits  t  »  300-2000°C  and  w  =  91-400  m/sec .  In  this 
ease,  due  to  decrease  of  time  of  stay  of  drops  in  the  flow,  the  remainder  is 
eva| orated  still  more  slowly  (line  BC  ). 

It  Is  necessary  to  note  that  calculations  on  evaporation  of  drops  in  the  com¬ 
bustion  zone  are  not  very  rough,  and  are  conducted  with  exaggerated  degree  of 
evaporation.  Thus,  according  to  calculations,  the  coefficient  of  evaporation  of 

iro|s  fa,  fEslS.fi  at  tB  =  2000°C  is  equal  to  0.0127  cm?/sec,  and  according  to  expert- 

T» 

mental  data  on  the  burning  of  a  drop  surrounded  by  a  diffusion  flame  front,  in  which 
'ho  gas  temperature  is  also  approximately  equal  to  2000°C,  the  coefficient  0  = 

-  0.0096  cm  /sec  (§  4,  see  Chapter  VII). 

During  calculations  it  was  noticed  that  the  second  term  of  formula  (2.179), 
which  takes  into  account  the  influence  of  accelerated  flow  around  the  drop.  Is 
mall  and  changes  little.  Thus,  according  to  calculated  data,  dut  to  the  high  gas 
velocity  it  Is  very  difficult  to  evaporate  drops  in  the  combustion  zone.  Therefore, 
‘o  avoid  physical  incomi  leteness  of  burning,  it  is  desirable  to  select  accorHrir  to 


parameters  of  the  flow  and  fuel  conditions  under  which  evaporation  of  drops  ! ■ 
mainly  completed  before  they  reach  the  combustion  zone. 
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CHAPTER  III 


FORCED  IGNITION  AND  BURNING  OF  UNIFORM  FUEL-AIR  MIXTURES 

in  a  Laminar  flow 


At  present  there  exist  a  large  number  of  works,  [1]  to  [10]  on  the  theory  of 
notmal  burning.  Therefore  we  will  note  only  the  main  results  of  the  thermal  theory 
of  Zel'dovich  which  are  necessary  for  explanation  of  the  influence  of  dift'ereni 
factors  on  burning  velocity,  using  for  this  dimensional  considerations.  Normal 
burning  is  characterized  by  only  two  dimensional  parameters:  the  molecular 
diffusion  coefficient  a  (thermal  diffusivity) ,  which  determines  the  rate  of  supi  l.y 
of  active  centers  (heat)  into  the  fresh  mixture  from  the  react  ion  sone  (combust  1  >t i 
products),  and  the  rate  of  heat  emission  $max>  which  determiner,  the  characteristic 
time  scale  of  combustion: 


Using  these  parameters,  we  can  write  a  series  of  dimensional  relationships,  will  h 
are  useful  for  qualitative  analysis  of  experimental  data: 


where 

P 


u9^Va\  ~ ojut\ 

■u 

—  characteristic  scale  of  width  of  the  laminar  flame  front; 

—  pressure  in  the  fuel  mixture. 


(••1) 


§  1.  INFLUENCE  OF  DIFFERENT  FACTORS  ON  BURNING  VELOCITY 

At  present  there  exists  quite  extensive  experimental  material  on  the  influence 
of  different  factors  on  burning  velocity:  mixture  ratio,  initial,  temperature, 
pressure,  moleculus  structure  of  the  fuel  and  impurities.  Let  us  note  brief Ly  t h< 
role  of  these  factors. 
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Influence  of  mixture  ratio.  Normal  velocity  of  the  flame  attainr.  maximum  value 


curve  are  not  explained  by  simple  dimensional  formulas  of  the  type  of  (5.1).  Cause 
for  them  should  be  sought  by  more  exact  solution  of  the  problem,  possibly  by  taking 
into  account  inequality  of  diffusion  rates  of  oxygen  and  fuel. 


hm  cm/sec 

Mil— r- 


Fig,  J.2.  Comparative  Ujj  =  f(ot)  charac¬ 
teristic  for  curves  mixtures  of  gasoline, 
kerosene  and  Tr*  with  air  for  different 
initial  temperatures. 
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*Tr  is  a  direct  transliteration  of  the  Cyrillic  Tp.  It  ma.  refer  to  a  type  of 
Jet  fuel,  Tp  being  an  abbreviation  for  typbopeaktubhoe,  i.e.,  uirbojet.  [Tr.  Ed. 
note] . 


Influence  of  initial  mixture  temperature.  With  increase  of  initial  temperature 
of  i  he  fresh  mixture,  burning  velocity  also  increases  in  accordance  with  result. s  of 


thermal  diffusion  theories.  The  experimental  dependence  is  well  described  by  the 
relationship 

(5.*) 

where  —  absolute  temperature  of  the  fresh  mixture. 

On  Fig.  J.3  there  are  given  the  experimental  data  of  a  number  of  authors 
concerning  the  dependence  of  maximum  velocity  of  flame  propagation  on  temperature 
of  the  fresh  mixture  for  a  series  of  the  most  widely  used  hydrocarbon  fuels  and  for 

hydrogen.  Let  us  note  that  although  this 
dependence  is  strong,  it  is  much  weaker  than  the 
exponential  dependence  of  flame  speed  on  burning 
temperature  Tg  [see  formula  (3.1)].  Experiment 
shows,  in  accordance  with  the  theory,  that 
between  the  quantities  uH  and  there  is 
observed  the  following  relationship  for  fuel -air 
mixture:  burning  velocity  turns  out  to  be 
higher,  the  higher  the  temperature  of  the 
combustion  products,  independently  of  whether 
or  not  mixture  ratio  or  type  of  fuel  change.. 
[11]. 


Influence  of  pressure.  The  exact  dependence 
of  u  on  pressure  has  not  been  established 

H 

at  nresent.  This  is  explained  by  the  small 
degree  of  this  dependence  and  the  consideral  le 
errors  of  measuring  methods.  Many  of  the  error, 
also  depend  on  pressure.  Therefore,  it  is 
expedient  to  give  a  table  of  experimental  data  obtained  by  various  methods  for 
different  mixtures  and  ranges  of  pressures. 

Data  of  foreign  authors  are  taken  from  the  monograph  of  NACA  [17].  Knowledge 
of  the  dependence  of  on  pressure  p~— nits  us  to  Judge  the  total  order  of  the 
chemical,  reaction  for  the  given  mixture  '  in  the  flame). 


Fig.  5.5.  Influence  of  initial 
temperature  on  maximum  burning 
velocity.  1)  hydrogen  Hg  (data 

of  Passauer);  2)  ethylene 

(data  of  Passauer  and  Daguerre); 
',<)  gasoline  (data  of  N.  N. 
Inorernt  sev) ;  4)  propane  (data  of 
Daguerre);  'j)  methane  CH^  (data 

of  Passauer  and  Daguerre). 
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From  relationship  (3.1)  it  is  clear  that  is  connected  with  parameters  depemlint 
on  pressure  in  the  following  manner: 


where  according  to  the  kinetic  theory  ol'  gases 

« 

so  that 

Values  of  v  given  in  Table  3.1  show  that  for  hydrocarbon-air  mixture..,  total 
order  of  reaction  lies  somewhere  between  units  and  two,  so  that  with  decrease  of 
pressure,  normal  velocity  increases  on  the  average.  For  tentative  calculations,  it  Is 
possible,  apparently,  to  take  average  value  of  n  equal  to  0.2‘_,.  Growth  Is.  observed 
only  up  to  certain  finite  values  of  pressure  (P  *  0.3  atm),  after  which  velocity 
starts  to  drop  due  increase  of  role  thermal  losses  to  walls,  and  so  forth  .see  §  , 

Chapter  III).  For  fuel-oxygen  mixtures,  behavior  of  Ujj  noticeably  differs  with  • 

change  of  pressure.  Majority  of  authors  indicate  independence  of  uH  from  pressure; 
l.e,,  for  oxygen  mixtures  m  *  0  and  v  «»  2. 

The  Influence  of  impurities  on  flame  speed  is  two-fold.  If  we  add  to  the  fuel 
mixture  as  impurities  inert  gases  such  as  CO,,;  Ng;  He;  Ar,  then  this  will  not  cause 
chemical  changes  of  the  given  mixture,  but  will  change  only  its  physical  prop-  r' ]"s: 
relative  concentration  of  fuel  (oxidizer),  heat  capacity,  thermal  dilTus.ivlt ,,  and 
"mass  transfer"  of  the  mixture,  etc.  Therefore,  deceleration  of  normal  burning  by 
dilution  of  the  fuel  mixture  should  be  for  any  inert  diluent  (including  f<  <■  • 
of  oxidizer  or  fuel)  practically  Identical,  if  when  there  Is  high  dilution,  inn;  i. 
of  other  physical  parameters  (besides  relative  mixture  ratio)  turns  out  not  to  be 
large.  Experiment  confirms  these  simple  physical  considerations. 

In  Fig.  3.1*  (11]  there  are  given  graphs  of  the  dependence  of  maximum  flame  t  *  <  i 
for  CO,  CHjj  and  on  the  percentage  substitution  of  nitrogen  and  carbon  llov.I  i< 

for  oxygen.  More  detailed  observations  taking  into  accour.t  other  factors  (thermal  . 

conduct  Ion,  heat  capacity  of  the  diluent,  and  so  forth)  show  that  according  to 
degree  of  f legmatizing  action.  It  is  possible  to  arrange  Inert,  gases,  in  Mu-  following 
orders  C0o;  N?;  He;  Ar  (the  quantity  (x/c^J^lO'1  Is  equal  res;  ret  L  vo  I.,  to  If,  2v,  ?Y, 

33  cm  (11]). 
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A  "  iv  impurities  affect  the  magnitude  of  u  absolulel.v  differently.  When  a 

H 

email  amount,  of  i  hem  are  added,  they  change  chemical  reaction  rate  considerably 
(usually  increase  it).  Additions  of  active  impurities  make  it  possible  for  a  chemical 
reaction  to  go  in  different  ways,  with  lower  activation  energies  and  accordingly 
with  high  rates.  A  classical  example  is  the  process  of  ignition  and  burning  of 
carbon  monoxide  with  oxygen.  It  is  known  that  a  thoroughly  dried  mixture  carbon 
monoxide  with  oxygen  does  not  ignite  at  all  (flame  speed  is  equal  to  zero),  but  it  is 
sufficient  to  add  a  small  quantity  of  water  vapor  to  cause  the  flame  speed  to  attain 
a  noticeable  magnitude;  then  increases  with  further  increase  of  concentration  of 
water  vapor.  In  this  case,  water  vapor  gives  active  OH  radicals,  which  are  the 
necessary  additional  link  in  the  chain  of  reactions  proceeding  with  high  rate. 

Vann  cm/sec  *•«« cm/sec 


Fig.  3.4.  Change  of  maximum  flame  speed  depending  upon 
percentage  substitution  of  nitrogen  (a)  and  carbon 
dioxide  (b)  for  oxygen. 


With  further  increase  of  concentration  of  the  active  impurity,  it  starts,  to 
piny  the  role  of  an  inert  diluent,  so  that  at  some  concentration  of  it  magnitude  of 
uH  attains  maximum  value,  after  which  it  decreases.  For  instance,  for  a  wet  mixtun 
of  CO  with  air  at.  atmospheric  pressure,  the  optimum  value  of  uH  is  attained  at 
■ip!  roximately  'J/.  concentration  of  water  vapor.  Mixtures  of  different  fuels  can 
.■(  rve  as  active  impurities  with  respect  to  one  to  another.  Thus,  for  instance,  a 
mixture  of  carbon  monoxide  with  methane  and  air  gives  flame  speed  higher  than  the 
flame  speed  in  mixtures  of  air  with  each  of  these  gases  separately  (flame  speed  in 
these  mixtures  are  approximately  identical:  uH  =  58  cm/sec  for  CH^  and  43  cm/see 
ror  CO).  Combination  of  CO  and  CH^  vapor  exactly  creates  the  possibility  for 
appearance  in  the  burning  zone  of  the  concentration  of  active  OH  radical r.  necessary 
for  high  reaction  rate  of  CO  with  air. 
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The  optimum  value' of  flame  speed  in  such  a  complex  mixture,  which  is  equal  t.o 
6 5  cm/sec,  is  obtained  at  concentrations  oi'  CO  and  CH^  which  are  9‘ and  y/  of  i  lie 
total  quantity  of  fuel  respectively  [11];  this  indicates  a  unilateral  influence: 
methane  is  the  active  impurity  with  respect  to  carbon  monoxide.  In  principle  there 
is  possible  a  mutual  activating  influence  of  two  or  more  fuels  in  a  complex  mixtur* . 
At  present,  the  influence  of  impurities  on  burning  rate  of  fuel-air  mixtures  Is  the 
object  of  extensive  independent  experimental  investigations,  which  are  undoubtedly 
of  practical  interest.  It  is  sufficient  to  compare  the  burning  rates  of  the  applied 
hydrocarbon  fuels  with  the  burning  rate  of  hydrogen  (see  Fig.  3.3)  in  order  to  be 
convinced  that  burning  rates  of  these  fuels  are  not  the  limit. 

Influence  of  molecular  structure  of  the  fuel.  Accumulated  experimental  material 
on  Ujj  for  different  hydrocarbons  permits  us  to  express  certain  considerations  about 
the  influence  of  molecular  structure  of  hydrocarbon  fuels  on  the  magnitude  of  u„  . 


at  cm/sec  FiS*  3.5  there  are  given  data  of  (Jershteyn, 

*  _  _  ________  Melvin  and  others  [11]  [17]  on  the  influence  of 

tSi  u_  ———————  —  number  of  carbon  atoms  on  maximum  flame  speed  for 

different  classes  of  hydrocarbon  fuels.  There  l. 

r  —  —  given  the  dependence  of  uH  on  number  of  carbon 

^  —  atoms  within  one  clans  and  the  dependence  of  uH 

^  I  _ _ _ _  for  identical  number  of  carbon  atoms  for  hydro¬ 
's*  1 

—  —  — ■  p  —  —  —  —  —  carbons  of  three  different  classes: 

a  \  1.  Alkane  class  —  saturated  hydrocarbons.: 

—  —  £  —  —  —  —  —  ethane  propane  (C^Hg),  butane  (0^11^,), 

“  P  7  ^  ^  pentane  (C,dl12) ,  hexane  (C^HlJ}). 

j  ^  ^  ^  I.  ^  .  2.  Alkene  class  —  unsaturated  hydrocarbons. 

Number  of  carbon  atoms  having  a  double  bond:  ethylene  (C^),  propylene 

Fig.  3.5.  Maximum  flame  <C3H6) ’  butene-1  "  (c4hh)»  Pentene-2  (C,ll10), 

‘•peed  for  normal  hydrocarbons  h„v„n„  i  tr  „  \ 

depending  upon  number  of  nexene  i  ^6n,2;. 

carbon  atoms  In  the  molecule.  ,  ...  ,  .  .  .  ,  . 

1)  II  -  alkanes  C-C-R;  2)  H  -  *1K*ne  class  “  unsaturated  hydrocarbons. 

alkenes  C-£— R:  5)  H  —  alkynes  .  ,  .  .  ,  ,  ,  /rt  ..  v  .  .  , 

H  '  having  one  triple  bond:  propyne  but., ik -1 

( c  jjHg )  >  pentyne-1  (C,Hg),  hexine-1  (C^H,0). 

In  Fig.  3.5  it  is  seen  that  flame  speed  decreases  with  in  ease  of  saturation 

of  molecular  bonds.  For  saturated  hydrocarbons  (molecules  with  idlmenslotm  I  bond, 

alkane  class)  this  speed  is  least;  its  magnitude  does  not  change  with  increase  of 


Number  of  carbon  atoms 

Fig.  3.5.  Maximum  flame 
speed  for  normal  hydrocarbons 
depending  upon  number  of 
carbon  atoms  In  the  molecule. 
1)  H  -  alkanes  C-C-R;  2)  H  - 
alkenes  C-C-R;  3)  H  —  alkynes 
C-C-R. 
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Un  riuinuer  or  carbon  atomr..  Increase  of  flame  speed  as  compared  to  that  of  natural  ed 
h,v  irocarbonc.  turns  out  to  be  more  noticeable,  the  greater  the  decree  of  non-  al  urat ion. 
J'’or  instance,  the  difference  for  transition  from  hydrocarbons  with  double  bond  to 
hydrocarbons  with  single  bond  (saturated  hydrocarbons)  to  hydrocarbons  with  double 
Lond.  A r  molecules  become  heavier,  flame  speed  for  unsaturated  hydrocarbons  tends 
to  the  flame  speed  for  saturated  hydrocarbons.  All  these  peculiarities  are  fully 
explainable:  the  fewer  the  free  bonds  of  a  molecule,  the  more  difficult  It  is  for 
it  to  enter  into  a  compound  with  oxidizer  molecules,  the  heavier  it  is,  the  less  is 
its  inclination  to  break  old  bonds  during  thermal  collisions  and  to  format  new  ones; 
all  this,  in  the  final  result;  leads  to  deceleration  of  burning. 

§  2.  FORCED  IGNITION 

Above  it  was  noted  that  in  combustion  chambers,  the  mixture  does  not  ignite  by 
itself.  In  order  to  ignite  it,  it  is  necessary  to  somehow  accelerate  the  chemical 
read. ion  in  a  small  volume  of  the  given  mixture.  This  can  be  done  by  introduction 
of  a  catalyst  into  the  mixture,  a  source  of  active  centers  and  a  source  of  heat. 

A  heated  wire,  pilot  flame,  hot  gas,  shock  wave,  electric  spark  (capacitive  or 
inductive)  etc.,  can  serve  as  the  heat  source.  During  attempts  to  ignite  the  mixture. 
It-  in  seen  that  there  exist  ignition  boundaries  (with  respect  to  composition, 
temperature  and  pressure  of  the  mixture),  beyond  which  the  mixture  is  not  Ignited 
by  the  given  heat  source,  and  also  ignition  limits,  beyond  which  the  mixture  is  not 
Ignited  by  any  source  under  any  ignition  conditions.  It  is  fully  understandable  that 
it  is  necessary  to  establish  the  boundaries  and  limits  of  ignition  for  fire  safety 
and  for  determination  of  the  reliability  of  operation  of  the  combustion  chambers 
under  different  conditions. 

To  this  question  there  have  been  dedicated  a  large  number  of  theoretical  and 
experimental  works.  The  existence  of  the  concentration  boundaries  of  ignition  was. 
shown  for  the  first  time  in  the  work  of  Mallard  and  LeChatelier  (188J).  They 
■  s.i  ah  1  ished  that  In  a  given  vessel,  for  a  given  heat  source,  there  exist  fully 
defined  Limiting  values  of  fuel  concentration,  beyond  which  a  mixture  will  not  be 
Ignited.  The  boundary  corresponding  to  the  smallest  percentage  of  fuel  is  called 
the  lower  boundary,  and  the  boundary  corresponding  to  the  Largest  percentage  in 
'■■.tiled  the  upper  boundary.  If  we  construct  for  the  given  vessel  values  of  boundary 
-oncerd  rations  of  different  fuels  as  functions  of  the  heat  source  power  necessary  for 
Ignit  ion,  i  hen  we  will  obtain  curves  of  the  same  type,  which  are  shown  in  J  ig.  'j.A. 


Fig.  3.6.  Ignition  energy  depending  upon 
composition  of  fuel-air  mixture,  (p  ■ 

*  760  mm  Hg;  t  *  20°cj.  1)  methane;  2) 

ethane;  3)  propane;  4)  butane;  S>)  hexane; 
6)  heptane;  7)  cyclopropane;  8)  diethyl 
ether;  9)  benzene. 


Fig.  3.7.  Concentration  limits  of  flame 
propagation  in  hydrocarbon-air  mixtures 
in  dependence  on  stoichiometric  coefficient 

(t  »  20 °C;  p  =  760  mm  Hg)  09-  CnH2n+2; 

+X-W,  (cyeltiw) 

1)  methane;  2)  propane;  'A  n-pentane;  4) 
n-hexane;  ’j)  n-heptane;  6)  n-oetane;  () 
n-nonane;  8)  n-decane;  9)  n-ethylene;  10) 
propylene;  11)  butyne-1;  12)  cyclopropane; 
13)  cyclohexane;  14)  benzene;  IS)  toluei  o; 
16)  o-xylene;  17)  n-butylDenzene. 


From  Fig.  3.b  It  la  clear  that  for  every  mixture  there  Is  a  minimum  source  power: 


a  source  of  less  power  will  not  ignite  the  mixture  regardless  of  its  composition. 

In  Fig.  3.7  it  is  shown  that  both  branches  of  boundary  concentrations  of  fuel 

(they  are  frequently  called,  referring  to  the  fuel,  "poor"  and  "rich"  branches) 

asymptotically  tend  to  the  limiting  values,  beyond  which  the  mixture  will  not  ignite, 

regardless  of  the  source  power.  If  ignition  is  carried  out  in  a  sufficiently  large 

volume,  far  from  the  walls  of  the  vessel,  then  these  limiting  values  of  concentration 
are  called  by  the  concentration  limits  of  ignition. 

§  3.  CONCENTRATION  LIMITS  OF  IGNITION  OF  A  COMBUSTIBLE 

MIXTURE 

Concentration  limits  of  ignition  to  a  considerable  degree  are  physicochemical 
constants  of  fu  ;1  mixtures,  inasmuch  as  by  definition  they  do  not  depend  on  heat 
source  power  or  dimensions  of  the  vessel,  but  only  on  properties  of  the  mixture 
itself:  Rind  of  fuel,  temperature,  pressure,  and  so  forth.  Attainment  of  full 
independence  of  ignition  limits  from  conditions  of  experiment  turns  out  to  be  not 

always  possible  in  practice.  For  Instance,  at  pressures  lower  than  0.3  atm,  the 
source  strongly  increases,  so  that  concentration  limits  of  ignition  obtained  at 
such  low  pressures  as  a  function  of  pressure  should  be  considered  only  as  ignition 
boundaries  of  the  fuel  mixture  obtained  on  the  given  experimental  installation 
with  the  given  ignition  source  (Fig.  3.8).  Therefore,  concentration  limits  of 
ignition  are  usually  given  at  pressure  considerably  higher  than  0.3  atm.  Under 
such  conditions,  values  of  concentration  limits  obtained  by  different  authors  on 
different  experimental  installations  turn  out  to  be  practically  identical.  In 
Table  3.2  there  are  given  data  on  concentration  limits  of  ignition  of  a  series  of 
fuels  at  t  .=  20°C  and  pressure  of  1  atm. 

Analogous,  but  more  extensive  tables  are  given  In  the  books:  lost  |12],  Lewis 
and  Elbe  [131,  Khitrin  [11]  and  in  the  NACA  monograph  [17]. 


p  nun  Hg 


Fuel  vapor  in  air  (volume  percentage) 
a)  b) 


Fig.  5.8.  Limits  (boundaries)  of  flame 
propagation  for  petroleum  fuels  at  lowered 
pressures  in  a  closed  pipe  with  diameter  ol' 
50.8  mm.  a  —  aviation  gasoline  of  type 
100/150  (temperature  25 °C).  1)  limits  of 
flame  propagation;  2)  ignition  boundaries 
using  a  heating  spiral  of  Ford  brand;  5) 
ignition  boundaries  using  a  generator  of 
the  Bureau  of  Mines;  6)  rocket  1’uel  of  type 
JP-5  (temperature  26°C);  1)  limits  ol'  propa¬ 
gation  of  flame;  4)  ignition  boundaries  using 
a  transformer  (15  kilowatts,  50  atm  \abs.)). 


Table  5.2.  Stoichiometric  Coefficients,  Concentration  Limits  of  Ignition  and  Norm 
Flame  Propagation  Velocit 
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From  Table  3.2  it  in  clear  that  the  range  of  concentrations  in  which  propagation 
of  flame  in  possible,  turns  out  to  be  wider,  the  higher  the  maximum  burning  velocity, 
or,  accordingly,  the  higher  the  maximum  flame  temperature.  Existing  data  on  limit  ■ 
show  that  "lean"  limits  turn  out  to  be  approximately  identical  for  all  types,  but 
"rich"  limits  have  a  tendency  to  increase  with  decrease  of  molecular  weight,  so 
that  the  limiting  range  of  ignition  is  expanded. 

Isoparaffins  have  a  somewhat  narrower  concentration  range  of  ignition  than 
linear  hydrocarbons.  Cycloparaffins  have  approximately  the  same  range  of  ignition 
as  normal  paraffins  with  the  same  number  of  carbon  atoms  [17].  Experiment  also  shows 
that  for  the  majority  of  fuels,  the  temperatures  of  combustion  products  at  the 
ignition  limits  turn  out  to  be  approximately  identical,  equal  to  ~1600°K.  Thus, 
burning  velocities  also  turn  out  to  be  approximately  identical  for  the  lower  and 
upper  limits.  According  to  experiments  of  Edgerton  [11],  for  a  plane  fiame  the 
minimum  critical  mass  rate  for  different  hydrocarbon  fuels  practically  does  not 
depend  on  pressure  (p  §  0.3  atm),  mixture  ratio,  impurities,  etc.,  and  is  equal  to 


n*  ■*  Pi“«  * (3+4)- 10-*  g/c** '. 

According  to  measurements  conducted  under  nonoptimal  conditions  (for  determination 
of  the  influence  of  walls  of  the  vessel,  etc.),  limiting  rates  turn  out  to  be 

—  -2  p 

c  in. 'What  higher,  but  of  the  same  order,  ~10,10~';  g/cm  sec  [11].  The  given 
|f  uiiarities  of  concentration  limits  of  ignition  are  sufficiently  well  genernli'ed 
I the  universal  curves  shown  in  Fig.  3.7. 

On  the  graph,  along  the  axis  of  abscissas,  there  is  plotted  the  magnitude  of  the 


stoichiometric  coefficient  expressed  in  moles  (stoichiometric  coefficient  expressed 
in  moles  Lu  is  connected  with  the  weight  stoichiometric  coefficient  Lq  by  the 

p 

relationship  LM  =  LQ,  where  p^  and  p  are  molecular  weights  of  propellant  and 

s 

sir  respectively);  along  the  axis  of  ordinates  there  are  plotted:  limiting 


•oncentrations  of  fuel  (in  volume  $)  at  the  lower  (c  )  and  upper  (c  )  ignition 
limits,  fuel  concentrations  for  stoichiometric  mixture  ratio  (cQ),  and  also  values 
of  air-fuel  ratio  at  the  lower  and  upper  limits  (aH  and  aB  ).  From  Fig.  3.7  it  is 


clear  that  values  of  a  and  a  for  different  fuels  decrease  with  increase  of  1,,.  . 

Thus  the  difference  (a  -  a  )  remains  approximately  constant  and  equal  to  l.k. 

The  dependence  of  Ignition  limits  on  pressure,  percent  of  inert  impurities,  arid  other 


physicochemical  properties  of  the  mixture  is  more  conveniently  considered  together 


IF 


with  corresponding  dependences  of  the  ignition  boundaries,  inasmuch  as  these 
dependencies  are  qualitatively  identical,  so  that  it  is  not  always  pos  ible  to  s.-t,\ 
whether  or  not  the  obtained  extreme  boundaries  are  really  limiting  and  do  not  depend 
on  power  or  form  of  the  Ignition  source  or  other  specific  conditions  of  the 
experiment. 

What  is  the  physical  nature  of  the  existence  of  concentration  limits  of  flame 

propagation?  The  above  mentioned  solution  of  Zel'dovich  for  the  quantity  u  does, 

H 

not  give  such  limits  (according  to  this  solution,  at  continuous  "leanness"  or 
"richness"  of  the  mixture,  burning  velocity  continuously  decreases  to  cero).  As 
Zel'dovich  indicated  for  the  first  time  [1],  the  limit  to  the  existence  of  flame 


speed  is  determined  by  radiation  losses  occurring  in  the  plane  flame  front  and  hen« 
removal  in  the  direction  of  the  cooler  combustion  products  behind  the  front.  The 
relative  role  of  rate  of  heat  losses  increases  with  decrease  of  rate  of  heat  release 
in  the  front.  At  certain  finite  values  of  rate  of  heat  emission  and  rate  of  thermal 
losses,  the  surplus  rate  of  heat  emission  turns  out  to  be  insufficient  to  provide 
heating  of  the  following  cold  layers  of  fresh  mixture.  Therefore,  the  flame  front. 

« 

turns  out  to  be  incapable  of  propagating  through  the  given  mixture,  no  matter  In 

what  pipe  it  is  located  or  what  the  ignition  source  Is.  Another  pos. -ible  cause  of 

ignition  limits  may  be  specific  characteristics  of  the  chemical  reactions:  transition  # 

of  the  statistical  system  of  the  mixture  beyond  Known  concentration  limits  into  a 

new,  more  stable  state. 

In  distinction  from  ignition  limits,  concentration  boundaries  of  ignition 
further  depend  on  a  series  of  other,  not  always  present  sources  of  heat  losses,  which 
are  determined  by  specific  experimental  conditions  (geometry  of  the  pipe,  and  povn  r. 
geometry  and  form  of  ignition  source,  etc.).  Therefore,  establishment  of  boundaries, 
of  forced  ignition  essentially  reduces  to  clarification  of  the  influence  of  each  of 
these  factors  on  ignition  boundaries.  Let  us  consider  the  main  factors. 

§  4.  INFLUENCE  OF  DIFFERENT  FACTORS  ON  CONCENTRATION 
BOUNDARIES  OF  IGNITION 

Influence  of  pipe  diameter.  Due  to  heat  removal  through  wails  of  the  pipe  (>>r 
active  centers  on  the  wall),  concentration  boundaries  of  uH  will  decrease.  According 
to  Zel'dovich  [1],  this  influence  will  be  decisive  when  the  pipe  diameter  is 
comparable  with  the  width  of  the  laminar  flame  front  On  the  ■  nsis  or  this, 

consideration,  we  will  determine  a  series  of  dependences  of  the  Limit  ing  diameter  of 
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Uk  !  lpe,  In  which  a  flame  still  exists,  on  physicochemicaL  properties  ol‘  the  mixture: 
magnitude  of  u^ ,  pressure,  temperature ,  and  etc: 

(3.4) 

Experimentally  a  dependence  of  the  form  MiipiC^ap/A  =  const  was  verified 
experimentally  ty  Lewis  and  Elbe. 

For  hydrocarbon-air  mixtures  with  stoichiometric  composition  at  normal  pressure 

arid  a  temperature  of  100°0,  values  of  limiting  diameters  oscillate  within  the 

interval  1.67-1. 85  mm  [17].  With  increase  of  pipe  ',J~~-*fer.  the  influence  of  the 

walls  asymptotically  decreases.  On  Fig.  L-,  ,  thert  01^.  0wen  concentration 

boundaries  of  ignition  as  a  function  of  the  pressure  of  a  propane-air  mixture  (lean 

branch)  for  different  pipe  diameters  (with  a  source  of  maximum  power).  Only  for 

pipe  diameters  d  >  66  mm  is  this  influence  weak  in  practice.  Therefore,  the 

Tp 

majority  of  investigations  of  boundaries  and  limits  of  ignition  are  conducted  in 

pipes  with  open  ends  (to  avoid  the  influence  of  variable  pressure)  with  diameter  of 

% 

<0  mm,  set  vertically  (to  avoid  nonumiformities  due  to  the  influence  of  convection, 
gravitation  and  other  effects).  There  are  investigated  the  concentration  limits  of 
flame  propagation  during  its  motion  from  tottom  to  top  and  from  top  to  bottom  (see 
Table  3.2).  These  limits  during  motion  of  the  flame  from  bottom  to  top  turn  oui  <0 
he  usually  somewhat  wider  than  during  its  motion  from  top  to  bottom  or  in  the  cast 
of  its  horizontal  propagation. 

The  minimum  distance  between  the  end  of  the  pipe  and  the  edges  of  the  flame 
cone  of  a  lunsen  burner,  (i.e. ,  the  distance  at  which  heat  loss  to  the  walls  of  t.h 
burner  is  decisive)  has  the  same  properties  as  the  limiting  diameter  but  absolute 
values  of  these  distances  turn  out  to  be  (according  to  [17])  more  than  twice  as 
small  as  values  of  the  limiting  diameters. 

Influence  of  form,  material  and  geometry  of  the  ignition  source.  An  ignition 
source  of  any  form  (catalyst,  heat  source,  source  of  active  centers)  creates  in  some 
volume  of  mixture  a  certain  excess  quantity  of  heat  or  active  centers.  This  quantity 
of  heat  (centers)  should  be  sufficient  to  cause  [by  diffusion  of  heat  (centers)] 
burning  In  adjacent  Layers  of  the  mixture  and  to  thereby  begin  the  propagation  of 
flame  from  t.he  given  volume  throughout  the  entire  mixture.  The  excess  quantity  of 
heat  (centers)  in  the  considered  volume  Is  created,  on  the  one  hand,  by  the  external 
source,  and  on  the  other  —  by  chemical  reaction  In  this  volume.  The  relative  roles. 


of  heat  added  from  without  and  heat  released  by  the  chemical  reaction  essentially 
depend  on  the  temperature  at  which  the  heat  is  added. 

If  heat  Is  brought  in  at  a  temnerature  lower  than  the  temperature  of  product 
of  total  combustion  of  the  given  mixture,  then  ignition  conditions  essentially  depend 
on  the  heat  released  during  the  chemical  reaction,  since  namely  this  heat  should  lead, 

in  the  final  result,  to  formation  of  a  flame  front 
around  the  igniting  volume.  Therefore,  ignition  under- 
such  conditions  should  depend  essentially  on  such  factor, 
as  temperature  of  the  ignition  source,  its  time  of  stay 
in  the  igniting  volume,  its  catalytic  action  on  t.he 
chemical  reaction,  material  of  the  ignition  source, 
direction  of  heat  flow  (geometry  of  the  source),  and  so 
forth. 

If,  however,  heat  is  brought  in  -it  very  high 
temperature,  to  a  very  smull  volume,  then  the  franlon 
of  heat  released  in  this  volume  by  the  chemical  rc.-c-t  lor 
may  be  small  by  itself,  and  factor,  determining  tin 
length  of  time  for  its  release  become  Immaterial,  s Inc- 
this  time  is  quite  short,  and  therefo-'u  Is  not  a  Jlnll  In. 
factor.  Thus,  the  role  of  t.he  specif],'  character l."  1  ■  ■ 
of  the  ignition  source  continuously  decreases,  with 
decrease  ol'  its  dimensions  and  increase  of  the  tempera t  ur 
at  which  the  heat  is  brought  in. 

Determination  of  ignition  conditions  at  temperatures  les.s  than  i  he  t  empo'-u '  are 
of  products  of  total  combustion  of  the  mixture  turns  out  to  he  a  more  complicate! 
problem  than  determination  of  ignition  conditions  at  higher  temperatures.  Of  Hr. 
existing  theoretical  solutions  of  problems  of  this  type,  apparently  not  one  can  be 
-onsidered  to  be  correct,  since  none  of  these  solutions  consider  t  he  factor  of  i  true 
which  is  essential  for  these  problems,  (the  non-stationary  character  of  the  problem). 
In  combustion  chambers,  ignition  of  the  first  type  is  not  met  in  practice:  the 
limiting  case  is  burning  behind  a  flame  holder-,  where  temperature  <>f  the  Igniting 
volumes  is  exactly  equal  to  T^. 

The  most  widely  used  ignition  source  is  an  electric  discharge  (spark).  An 
electric  spark  creates  a  surplus  ol‘  heat,  as  well  as  a  surplus  of  active  centers  — 
charged  molecules,  atoms  and  radicals  —  which  accelerate  the  oxidation  reaction. 
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p  n>m  Hg 


l-’ig.  3.9.  Influence  of 
pipe  diameter  on  ignition 
boundaries  as  a  function 
of  pressure  (lean  branch). 
Propane  in  air. 


There  appears  the  question:  what  mechanism  of  ignition  (thermal  or  ionic)  will  play 
the  decisive  role?  Analysis  of  existing  experimental  data  permits  us  to  expect  that 
also  in  this  case,  thermal  acceleration  of  chemical  reactions  is  predominant, 
especially  at  sufficiently  high  pressures  (higher  than  50  to  100  mm  of  Hg).  This  is 
indicated  in  particular  by  the  fact  that  when  thermal  power  of  the  electric  spark  is 
sufficiently  high,  concentration  boundaries  of  ignition  turn  out  to  be  sufficiently 
stable,  and  close  to  the  ignition  boundaries  for  purely  thermal  sources.  Only  at 
very  low  pressures  and  high  discharge  velocity  is  it  possible  to  expect  that  the 
chemical  reaction  will  be  accelerated  mainly  due  to  activation  caused  by  ionized 
molecules  moving  with  high  speeds  under  the  action  of  the  electrical  field.  Any 
other  possible  ignition  source  (pilot  flame,  hot  gas,  incandescent  body,  etc.)  is 
chiefly  a  thermal  source.  Therefore,  for  all  methods  of  ignition  interesting  in 
practice,  it  is  possible  to  assert  that  not  the  form  of  the  ignition  source  will  be 
decisive,  but  its  thermal  power. 

§  5.  CONDITIONS  OF  FORCED  IGNITION  (INFLUENCE 
OF  THERMAL  POWER  OF  IGNITION  SOURCE) 

It  is  necessary  to  distinguish  the  power  necessary  for  ignition  of  a  mixture  by 
a  given  ignition  source  in  a  given  pipe  from  the  minimum  power  sufficient  for 
ignition  of  the  given  mixture.  Required  power  includes  all  possible  losses  of  heat, 
which  are  determined  by  conditions  of  the  experiment,  and  also  the  minimum  power. 
Minimum  power  is  a  physicochemical  parameter  of  the  given  mixture,  whereas  required 
power  can  depend  to  a  great  extent  on  diameter  of  the  pipe,  geometry  and  material 
of  the  ignition  source  and  so  forth.  Creation  of  the  best  conditions  for  ignition 
reduces,  obviously,  to  decrease  of  the  required  power  to  a  minimum.  Let  us  estimate 
the  magnitude  of  minimum  power  sufficient  for  ignition. 

Let  us  consider  at  first  the  case  when  In  the  mixture  there  instantly  appears  a 
rectangular  temperature  profile  of  the  total  combustion  products  of  the  given  mixture, 
and  accordingly  a  rectangular  profile  of  zero  fuel  concentrations.  Shape  of  the 
initial  igniting  volume  can  be  a  sphere,  cylinder  or  a  plane  of  finite  thickness. 

It  is  necessary  to  determine  the  dimensions  of  this  volume  which  are  sufficient  for 
formation  of  a  laminar  flame  front  around  it.  Inasmuch  as  combustion  products  are 
motionless,  the  formed  flame  front  will  move  relative  to  the  axis  of  the  volume 
with  velocity  u^T^/T^.  If  tne  initial  dimension  of  the  volume  R  (radius  of  a  sphere 
or  cylinder  or  half-width  of  a  plane)  is  sufficiently  large,  then  the  total  thermal 
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width  of  the  front  will  continuously  increase  from  zero  to  its  limiting  value 


Otherwise,  velocity  u^(t),  after  attaining  a  certain  limit  less  than  uH,  will  dart 
to  decrease  continuously  (due  to  decrease  of  the  total  integral  of  heat  emission), 
and  speed  of  increase  of  the  width  of  the  front,  after  attaining  a  minimum  different 
from  zero,  will  again  start  to  increase  and  to  approach  as  a  limit  the  diffusion  speed 
of  "erosion"  of  boundaries  of  the  initial  igniting  volume. 

The  dimension  of  the  volume  which  is  necessary  and  sufficient  for  ignition,  can 
be  determined  by  the  condition 


R  + 


(3.5) 


(t*  —  characteristic  time  of  formation  of  the  front;  this  is  a  quantity  of  the  same 
order  of  magnitude  as  the  characteristic  burning  time  t,  but,  apparently,  smaller)  or 


J  (k  —  an  empirical  constant). 


(-■.'■a) 


If  we  disregard  the  second  term  in  the  right  side  of  expression  (3.5a),  we  will 
obtain 

(3.5b) 

This  condition,  which  determines  the  dimension  of  the  minimum  igniting  volume,  is 
sufficient,  but  not  necessary,  since,  according  to  (3.5a),  at  large  Tg/Tj.  smaller 
dimensions  of  the  volumes  igniting  the  mixture  are  possible.  The  dimension  determin'd 
by  condition  (3.5b)  is,  as  it  were,  the  dimension,  which  guarantees  ignition.  Tin- 
quantity  of  heat  contained  in  such  a  volume  is  composed  of  the  heat  brought  in  L'roin 
without  and  the  heat  released  by  the  chemical  reaction.  The  fraction  of  heat  supplied 
from  without  Is  determined  by  a  series  of  factors,  including  the  dependence  of  heat 
capacity  on  temperatures  and  length  of  time  of  heat  addition.  If  heat  brought  in 
from  without  instantaneously  brings  the  temperature  of  the  mixture  to  T^,  at  which  tin 
heat  capacity  of  the  gas  is  high,  then  subsequently  the  temperature  of  the  volume 
practically  does  not  change  due  to  the  chemical  reaction,  so  that  for  simplicity  of 
calculation  it  is  possible  to  take  the  upper  limit  of  the  minimum  energy  guaranteeing 
Ignition  to  be  equal  to  the  energy  of  complete  combustion  of  the  fresh  mixture  in  a 
volume  with  dimension  of  ”0j ij'Pg/Pjg  Thus,  in  the  case  of  a  sphere,  cylinder  or  plane, 
the  minimum  powers  guaranteeing  ignition,  with  accuracy  up  to  that  of  the  empirical 
coefficient,  are  determined  (taking  into  account  further  thermal  expansion) 
respectively  as 


(%6) 

Let  us  consider  now  the  case  when  the  igniting  volume  has  an  arbitrary  temperature 
profile,  with  maximum  temperature  higher  than  the  temperature  of  total  combustion 
products  of  the  given  mixture.  After  cessation  of  supply  of  heat  into  the  igniting 
volume,  it  will  start  to  expand  with  time  due  to  diffusion  and  combustion  of  the 
available  fresh  mixture,  but  the  maximum  value  of  temperature  will  begin  to  decrease 
due  'o  diffusion  the  total  reserve  of  introduced  heat  remains  constant.  As  such  an 
example,  we  may  mention  the  electric  spark.  An  electric  discharge  creates  (practically 
instantaneously  relative  to  the  burning  times)  in  an  infinitesimal  volume  a  field  of 
temperatures  of  the  order  of  10, 000-20, 000°C.  In  this  case  the  length  of  time  of 
formation  of  the  igniting  volume  will  be  the  largest;  therefore,  the  fraction  of 
additional  heat  emission  due  to  combustion  of  the  mixture  in  the  formed  volume  will 
be  the  largest.  However,  it  is  possible  to  consider  that  in  this  case  its  role  will 
be  immaterial,  since  combustion  of  the  mixture  in  the  high-temperature  region  of  the 
initial  volume  will  change  these  temperatures  insignificantly.  Therefore,  for 
practical  calculations  it  is  possible  to  disregard  change  of  the  temperature  profile 
oi'  the  igniting  volume  due  to  chemical  reaction,  and  to  consider  this  change  to  be 
purely  diffusional. 

Conditions  for  selection  of  the  quantity  of  thermal  energy  sufficient  for 
ignition  may  be  in  this  case,  or  any  other  intermediate  case,  formulas  as  follows: 
time  for  drop  of  maximum  temperature  to  the  value  Tg  should  be  larger  than,  or  in  the 
limiting  case  equal  to  the  time  of  expansion  of  the  igniting  volume  to  the  character¬ 
istic  dimension  R,  which  is  approximately  equal  to  o^.  Then  the  dimensions  of  the 
arbitrary  initial  temperature  profile  will,  in  time,  approach  those  of  the  square 
profile  considered  above,  for  which  ignition  was  guaranteed.  In  the  case  of  diffusion 
the  time  necessary  for  drop  of  temperature  to  the  value  Tg  will  be  determined  for  a 
sphere,  cylinder  and  plane  respectively  by  the  relationships 
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where  Q  is  the  initial  quantity  of  heat  introduced  into  the  mixture. 


I 


'  ‘vs'%.** 

rcc  ■  > 1 


V*- 

t  / 
m 


For  an  initial  volume  close  to  a  cylinder  or  to  a  plane,  this  quantity  of  heal 

pertains  to  a  unit  of  length  of  the  cylinder  or  to  a  unit  of  area  of  the  plane; 

? 

o  —  characteristic  scale  of  diffusion  of  the  igniting  volume:  a  =  2at, 
where  a  =  —  coefficient  of  thermal  diffusivity. 

The  characteristic  dimension  of  the  igniting  volume  attains  a  value  of  ~o 

Jl 

in  the  time  t  =  o^/ 2a.  The  above  formulated  boundary  conditions,  which  guarantee 
ignition,  will  be  written  in  the  form 


Q~ cfPi(ri  —  T\)al''  Q-ejpifT,  —  Tfa 


(-'•7a) 


Q ~ cjt(Tt - TJaVul ;  Q ~  ^(T, - rl)d»(i»* ; 
Q~c*t(rt-TJaar 


(  '.7b) 


These  conditions,  as  can  be  seen,  coincide  with  conditions  (^.6).  Condition 
(3.7)  for  a  spark  (sphere)  was  for  the  first  time  formulated  by  Zel'dovich  [3j  in 
the  form  of  a  working  hypothesis.  This  condition,  just  as  condition  (3.6),  is 
sufficient,  but  not  necessary;  it  guarantees  ignition,  but  this  does  not  mean  that 
ignition  cannot  occur  with  lower  power  of  the  spark.  If  these  conditions  are 


considered  as  necessary  (as  the  ignition  criterion),  then  this  is  true  only  with 
accuracy  up  to  that  of  the  previously  made  assumptions.  In  combustion  chamber:'., 
ignition  is  carried  out  in  moving  mixtures.  The  ignition  source  can  be  either 
single-action  (spark)  or  continuous-action  (an  incandescent  body  maintained  at 
constant  temperature,  flame  holder,  etc.).  In  the  first  case,  minimum  source  power 


I  is  determined  by  the  relation  (3.7 a)  or  (3.7b),  depending  upon  the  shape  of  the 

initial  igniting  volume. 

In  the  case  of  ignition  by  an  incandescent  body,  the  body  gives  its  heat  fu  ,t  In¬ 
flow  only  in  the  thin  laminar  boundary  layer  adjucent  t "  the  surface  of  the  body. 
Being  heated  approximately  to  the  temperature  of  the  body  T  .,  this  layer  will  run 
off  behind  the  body  in  the  form  of  a  sheet,  whose  width  is  equal  to  the  maximum 


thickness  of  the  heated  boundary  layer  grown  on  the  body 


of  the  flow;  d  —  dimension  of  the  body,  which  determine.-  the  length  of  the  section 


in  which  the  boundary  layer  is  built  up;  a  —  coefficient  of  the-mal  d?  f  fusivlt.y) 


If  flow  is  laminar  and  continuous,  then  thi 


heet  will  be  in  the  form  of  a  plane 


after  a  linear  heat  source  or  in  the  form  of  a  cylinder  after  a  point  source.  During 
turbulent,  detached  flow  around  the  body,  the  laminar  heated  shell  will  break  up 
immediately  behind  the  body  into  separate  "hot"  vortices.  The  total  rate  of  heat 
transfer  of  the  body  increases  due  to  increase  of  the  total  surface  of  the  turbulent, 
sheet,  although  the  characteristic  dimension  of  the  vortex  and  the  temperatures  in 
it  remain  the  same.  Thus,  ignition  conditions  in  the  flow  of  the  mixture  reduce  to 
the  conditions  considered  above.  If,  for  instance,  by  the  moment  of  separation  of 
the  layer  from  the  body  the  characteristic  temperature  in  it  is  close  to  T^>  then 
the  ignition  condition  will  be  simple: 


or 


(3.8a) 


This  condition,  which  is  frequently  given  in  the  literature,  is  derived  on  the 
basis  of  the  most  diverse  ideas,  which  are  sometimes  not  quite  correct.  However, 
to  a  certain  extent  it  is  justified  if  Tg  and  are  of  the  same  order,  and  if  it  is 
not  applied  to  the  case  when  To  is  much  less  than  or  much  greater  than  T„.  In  this 
case,  also  very  approximate,  but  more  correct  will  be  the  condition 
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The  thermal  power  of  such  an  ignition  source  is  determined,  obviously,  by  the 
quantity  of  heat  necessary  for  maintaining  in  it  a  temperature  equal  to  T^,  when 
flow  velocity  and  source  dimensions  are  determined  by  relationships  (,5.8a  and  b). 

The  condition  for  ignition  by  an  incandescent  body  should  not  be  confused  with  t.h« 
condition  for  stabilization  of  the  flame  by  the  same  body,  although  in  practice  there 
conditions  may  not.  be  distinguishable.  The  nature  of  stabilization  is  apparently 
basically  the  same  as  the  nature  of  forced  ignition  by  an  incandescent  body. 

Turbulent  exchange  from  the  stagnant  zone  after  the  stabilizer,  which  is  filled,  as 
experiment  shows,  with  products  of  total  combustion  of  the  mixture,  ejects  into  the 
flow  individual  moles  of  burnt  mixture.  Rate  of  exchange  (turbulent  rate  of  ejection) 
as  experiment  shows,  is  proportional  to  flow  velocity,  so  that  conditions  for 
ignition  of  the  mixture  of  the  incident  flow  again  lead  to  consideration  of 
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relationships  between  the  necessary  and  sufficient  dimension  of  a  mole  and  the  width 
of 'the  flame  front  in  the  turbulent  flow.  With  the  help  of  a  series  of  hypotheses, 
stabilization  conditions  usually  lead  to  relationships  of  the  form  (3.8). 

If  for  instance,  we  assume  that  turbulent  exchange  between  the  zone  and  the  flow 
around  it  is  carried  out  by  turbulent  vortices  formed  during  flow  around  the  stabi¬ 
lizer,  then  stabilization  conditions  will  be  written  in  a  form  analogous  to  the 
relationship  (3.8). 

The  above  mentioned  conditions  of  ignition  and  stabilization  qualitatively 
correspond  to  conditions  obtained  experimentally  if  the  required  power  is  practically 
equal  to  the  minimum  power  which  guarantees  ignition,  i.e.,  if  loss  of  the  heat 
supplied  by  the  ignition  source  is  insignificant.  Radiation  heat  losses  can 
apparently  always  be  disregarded,  since  they  are  relatively  small  and,  furthermore, 
are  approximately  identical,  which  is  taken  into  account  by  the  empirical  constant. 
Heat  loss  to  the  surface  of  the  incandescent  body  and  stabilizer  also  is  practically 
absent.  An  exception  is  the  spark  at  electrodes  located  very  close  to  each  other. 

In  this  case,  while  the  igniting  volume  passes  with  local  flow  velocity  past  the  cold 
electrodes,  the  electrodes  have  time  to  "withdraw"  from  it  a  sufficiently  large 
quantity  of  heat,  so  that  the  heat,  remaining  in  the  igniting  volume  turns  out  to  be 
insufficient  for  formation  of  a  flame  front  around  it.  In  order  to  ignite  the 
mixture  under  conditions,  there  is  required  a  power  which  is  much  higher  than  the 
minimum  power.  Required  power  in  this  case  greatly  increases  with  further  decrease 
of  distance  between  the  electrodes  and  with  increase  of  "cooling"  area  of  the 
electrodes,  and  naturally  depends  or  the  shape,  as  well  as  on  the  material  of  the 

electrodes.  In  Fig.  3.10  there  is  shown  an  example  of  such  a  dependence  (data  are 

taken  from  work  [13];  analogous  curves  are  given  in  work  [17]). 

As  can  be  seen  from  the  graphs  shown  in  Fig.  3.10  and  3.H,  for  the  given 
mixture  there  exists  a  minimum  discharge  gap  5m^n,  starting  at  which  heat  withdrawal 
does  not  play  an  important  role.  The  magnitude  of  this  gap,  in  physical  meaning 
as  well  as  in  absolute  value,  coincides  with  the  magnitude  of  the  limiting  diameter 
of  a  pipe  at  which  a  flame  is  extinguished.  For  Instance,  a  flame  cannot  propagate 
from  electrodes  with  flat  side-pieces  with  a  gap  between  them  smaller  than  the 

magnitude  of  the  limiting  diameter  (6m^n)>  no  matter  what  the  quantity  of  heat 

released  by  the  spark  is,  since  all,  or  almost  all,  of  this  heat  wiJ  !  be  withdrawn 
from  the  interelectrode  volume  through  the  electrodes.  For  determination  of  the 
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under  different  conditions,  it  is  obviously  possible  to  use 


mar1  itude  of  6^n  under  different  conditions,  it  is  obviously  possible  to  use 
relation  (3.8a)  which  are  given  for  the  limiting  diameter.  For  a  gap  larger  than 
a  inj  required  power  is  practically  equal  to  minimum  power,  which,  as  one  may  see 
from  Fig.  3.10,  does  not  depend  on  specific  characteristics  of  the  ignition  source 
(distance  between  electrodes,  shape  and  material  of  electrodes,  and  so  forth). 
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Fig.  3.10.  The  influence  of 
discharge  gap,  shape  and 
material  of  electrodes  on 
minimum  ignition  energy  of 
the  electric  discharge  (p  = 

=  1  atm  (abs.),  t  =  20°C). 

1,  2  and  3)  mixture  (8.3$ 
natural  gas  +  air);  3  and  4) 
mixture  (8.3$  methane  +  air). 
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Fig.  3.H.  Ignition 
energy  depending  upon 
velocity  of  propane-air 
mixture. 

a  =  0.77. 

Tpasp  =  600  nsec,  t  =  26,6°C; 

discharge  gap  5  =  6.33  mm. 
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§  6.  DEPENDENCE  OF  MINIMUM  IGNITION  SOURCE  POWER 
ON  PHYSICOCHEMICAL  PARAMETERS  OF  THE  MIXTURE 


The  dependence  of  minimum  ignition  power  of  a  spark  on  mixture  ratio  i'or  a 
series  of  hydrocarbon  fuels  is  shown  in  Fig.  3.12.  This  power  mainly  changes  due  to 
■hange  of  the  magnitude  of  u^  [according  to  (3.7b),  Q  ~  1/ui^ ]  and  attains  its  least 
va 1  ie  QQnT  at  a  mixture  ratio  close  to  stoichiometric,  but  displaced  in  the  direction 
of  richer  mixtures.  This  displacement  is  increased  with  increase  of  molecular  weight 
of  the  hydrocarbons  and  is  explained  (Just  as  displacement  of  the  maximum  of  uH)  by  a 
’ertain  difference  in  diffusion  coefficients  of  oxygen  and  fuel.  The  given  dependence 


is  typical  for  the  majority  of  fuel  mixtures.  Q 


decreases  upon  transition  from 


alkane  hydrocarbons  to  alkene,  and  further  to  alkine  hydrocarDons  (in  accordance  with 

the  magnitude  of  u  for  these  hydrocarbons;  see  §  1,  Chapter  III).  Aromatic 
H 
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hydrocarbons  and  linear  hydrocarbons  containing  identical  numbers  ol’  carbon  atom.; 
ignite  at  approximately  identical  values  of  QonT.  For  the  majority  of  carbon-air 
mixtures  of  optimum  composition'  (a  -  aonT) ,  ignition  energy  at  atmospheric  pressure 
and  room  temperature  changes  within  the  limits  0.18  to  0,30  mj.  Values  of  QonT 
for  a  series  of  fuels  are  given  in  Table  3.3. 


'fable  3.3.  Minimum  Energies  of  an  Electric  Discharge  Necessary  for  Ignition  of 
Different  Fuel-Air  Mixtures  (t  *  25°C,  p  =  1  atm  (abs.) 


Fuel 

Optimum  mixture  ratio 

Stoichiometric 

mixture  ratio 

conT  ^ 

®oriT 

c  # 

CTex 

Q  mj 

Methane . 

8.8 

0.28 

9.50 

0.48 

Ethane . 

6.5 

0.25 

5.68 

0.28 

Propane . «... . 

5.5 

0.26 

4.04 

0.39 

Butane . . . 

4.53 

0.26 

3.14 

0.38 

Pentane . 

— 

— 

2.56 

0.49 

Hexane . 

3.64 

0.24 

2.17 

— 

Heptane . 

3.36 

0.25 

1.87 

0.70 

Ethylene . 

— 

- 

6,56 

0.096 

Cyclopropane . 

6.34 

0.18 

4.45 

0.35 

Cyclohexane . 

3.94 

0.24 

2.28 

1.00 

benzene . . . 

4.67 

0.21 

2.73 

0.55 

Methyl  ether . 

5.30 

0.19 

3.40 

0.52 

Hydrogen . 

— 

— 

29.5 

0.019 

The  influence  of  inert  and  active  impurities  on  ignition  energy  is  the  sume  as 
their  influence  on  burning  velocity  —  monotonic  increase  of  percentage  of  inert 
impurities  monotonically  decreases  burning  velocity,  and  consequently  increases 
ignition  energy  according  to  (3.7b).  Any  positive  influence  of  active  impurities  on 
Ujj  decreases  the  magnitude  of  ignition  energy.  The  influence  of  additions  of  oxygen 
on  the  magnitude  of  ignition  energy  also  shows  up  mainly  through  the  value  of 
between  minimum  ignition  energy  and  relative  concentration  of  oxygen  p,  where  ip 
=  O^/Og  +  N^,  there  exists  the  relation  Q  ~  1  /ip'> ,  which  has  been  experiment. a Lly 
verified  for  methane,  ethane  and  propane  for  change  of  ip  from  1.0  to  0.21  and  at 


pressures  of  the  medium  from  1.0  to  0.2  atm.  From  relation  (3.7b)  it  follows  that 
minimum  ignition  energy  is  inversely  proportional  to  the  square  of  pressure  and  the 
cube  of  initial  temperature  (since  according  to  (3.7b)  Q  ~  pa^/u^,  where  a  ~  1/pj 

p 

~  T^j  a  ~  T^),  which  agrees  well  with  experiment.  With  increase  of  flow  velocity, 
the  magnitude  of  the  coefficient  of  micro- turbulent  diffusion  increases.  For  a  well- 
developed  turbulent  microstructure  (Reynolds  number  Re  of  the  flow  *10^),  the  micro- 
diffusion  coefficient  DU<T  is  proportional  to  flow  velocity.  In  relationship  (3.7b), 
for  ignition  of  a  mixture  in  a  turbulent  flow,  in  place  of  the  quantity  a  *>  T  we 
should  substitute  DM  +  Dy  T  ,  then  the  relationship  will  be  written  as 


The  dependence  of  ignition  energy  on  flow  velocity  will  take  in  this  case  the 

form 

Q-Q.  +  Mo1,5.  (3.10) 

Experimental  data  on  ignition  of  benzene- 

air  and  propane-air  mixtures  confirm  thin 

relationship  (see  Fig.  3.11).  With  increase  of 

flow  velocity,  the  region  of  ignition  is 

narrowed  and  displaced  in  the  direction  of 

"richer"  mixtures  (Fig.  3.12).  The  cause  of 

the  shift  is  apparently  common  to  all  curve.'  of 

such  type:  the  inequality  of  the  diffusion 

coefficients  of  fuel  Dm  and  oxidizer  D  .  This 

T  K 

shift  is  always  greater,  the  smaller  the  rat  io 
(D  /D  ).  Ignition  boundaries  (c  -  c  )  of 
different  hydrocarbon  fuels  at  different 
pressures  (0,2  to  1  atm  and  different  fraction.; 
of  oxygen  (^  =  1.0  to  0. 3t>)  as  a  function  of 
minimum  ignition  source  power  can  be  represented 
in  the  form  of  a  universal  curve,  if  we  const  rm-t 
them  in  corresponding  dimensionless  coordinates. 
In  Fig.  3.13,  which  is  taken  from  work  [13], 
there  is  given  such  a  curve  for  methane,  ethane 


«mj 


Fig.  3.12.  Ignition  energy  vs 
composition  and  rate  of  motion 
of  gasoline-air  mixture,  p  = 

=  r/6o  mm  Hgj  t  =  100°C;  6  =  0.4  mm; 

pointed  electrodes. 

0  -  w  =  0  m/sec ; 

+  -  w  =  23  m/sec; 

A  -  w  =  40  m/sec; 

#  -  w  =  30  m/sec . 
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and  propane.  Along  the  axis  of  ordinates  there  Is  plotted  the  ratio  of  ignition 
boundaries  (cB  -  cH  )  depending  on  Ignition  source  power  to  the  ignition  limits 

(c#  -  cH  )n,  which  do  not  depend  or.  source  power;  along  the  axis  of  abscissas  there 

%  .  V 

are  plotted  logarithms  of  the  ratio  of  minimum  power  of  ignition  to  optimum  power. 
The  given  graph  permits  us  to  determine  ignition  boundaries  if  concentration  limits 
of  propagation  of  the  flame,  QonT  and  cQnT  are  known. 


*  m  fl  a  v  U  v  li  Ti  *3 [jTjL 

Pig.  3.13.  The  influence  of  ignition  energy  on  change  01  the 
region  of  ignition  of  mixtures  of  hydrocarbons  +  oxygen  + 

+  nitrogen  (according  to  data  of  [3,  13].  The  value  of 
(c  -  c  )  at  0.2  s  p  <  10  atm  (abs.). 


1.0 

0.6? 

0.5 

0.35 

Methane  • 

53.8 

42.2 

33.3 

23.1 

Ethane  O 

50.0 

39.3 

31.0 

21.5 

Propane  + 

42.5 

32.6 

25.3 

16.3 

§  7.  INFLUENCE  OF  PHYSICOCHEMICAL  PROPERTIES  OF  A  MIXTURE 
ON  CONCENTRATION  BOUNDARIES  OF  IGNITION 

The  study  of  the  dependence  of  ignition  boundaries  on  pressure,  temperature, 
percentage  of  inert  impurities  and  so  forth  is  usually  conducted  at  constant  ignit  ion 
source  power.  Thus  it  is  attempted  to  take  an  ignition  source  of  sufficiently  high 
power  and  to  conduct  measurements  in  pipes  of  sufficiently  large  diameter,  so  thal 
the  obtained  ignition  boundaries  can  to  a  certain  degree  be  considered  also  as 
ignition  limits.  Only  at  very  low  pressures,  when  the  influence  of  the  particular 
experimental  conditions  is  great  (influence  of  source  and  dimens:' ons.  of  pipe),  do  we 
stipulate  with  what  source  and  in  what  pipe  ignition  was  conducted,  thereby  stressing 
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the  particular  character  of  the  experiment. 

Typical  boundary  curves  of  ignition  depending  on  pressure  for  Dimple  hydrocarbons 
(normal  paral’ins)  are  shown  in  Fig,  3.14.*  Boundaries  (limits)  of  ignition  slightly 
change  in  the  range  of  pressures  from  4  to  0.3  atm  and  have  the  same  limiting  values 

of  concentration  as  at  atmospheric  prensure. 
With  decrease  of  pressure  they  rapidly 
approach  each  other,  and  at  a  certain 
limiting  pressure  merge  into  one  point.  Thin 
is  explained,  apparently,  by  increase  of  the 
cooling  influence  of  the  walls  (see  Fig. 

3.9),  As  can  be  seen  from  Fig.  3.9<  at 
pressures  lower  than  33  mm  Hg,  the  flame  can 
not  propagate  in  a  pipe  with  diameter  of 
50  mm  for  all  mixtures  and  ignition  sources. 
For  all  hydrocarbon  fuels,  with  the  except, lot. 
of  methane,  there  are  noted  two  limiting 
values  of  pressure  Pnpeg  ("rich"  and  "lean" 
limits).  The  "lean"  limit  corresponds  to 
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Fig.  3.14.  Concentration  limits  of 
flame  propagation  in  fuel-air  mixtures 
depending,  upon  pressure,  t  -  20°C;  Q  =  the  limits  of  propagation  of  normal  flumes, 
=  COO  loules.  heating  coil,  1)  methane, 

P)  butane,  ?)  hexane.  and  the  "rich"  limit  is  a  result  of  Uu 


appearance  of  "cold"  flames  with  a  diff<  rent 
mechanism  of  propagation.  Limiting  pressure  can  be  lowered  to  2  to  10  mm  llg  by 
replacing  air  with  oxygen  or  considerably  increasing  initial  temperature  of  the 
mixture  [20] ,  [21], 

There  also  investigated  boundaries  (limits)  of  ignition  of  complex  hydrocanon 
fuels  (petroleum  fuels).  Ignition  was  carried  out  in  the  same  pipe  with  diameter  of 
50  mm,  but  by  an  electric  spark.  Thus  there  were  not  observed  cold  flames,  and 
consequently  there  appeared  one  limiting  pressure  (see  Fig.  3*8) •  In  Fig.  3.&  then 


ire  given  data  at.  t  =  25°C  for  aircraft  gasoline  of  type  100/130  and  for  the  Ameri< 


rocket  fuel  JP-3.  The  fuel  mixture  was  obtained  by  mixing  only  the  first  20ff>  of  the 


•In  Fig.  S14  there  are  represented  certain  data  from  extensive  Investigations 
of  "lean"  and  "rich"  ignition  limits  of  different  fuels,  which  were  conducted  at 
NACA  (Lewis  Laboratory).  Measurements  were  conducted  in  a  pipe  with  diameter  of 
50  mm;  Ignition  was  carried  out  by  a  heated  wire  (600  joules)  at.  a  temperature  of 


20°C . 
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distillation  products  of  the  petroleum  fuel  with  air,  i.e.,  the  percentage  of  heavy 
fractions  In  the  mixture  was  small.  In  view  of  the  uncertainty  of  average  molecular 
weight  of  the  fuel  vapor,  concentration  boundaries  (limits)  are  given  in  volume 
percent  fuel  in  air.  Since  the  given  data  depend  on  experimental  conditions,  they 
are  particular  boundary  conditions  of  ignition,  and  are  interesting  by  the  fact  that 
they  indicate  the  possibility  istence  of  flame  at  pressures  less  than  2lj  mm  Hg. 

At  higher  pressures,  vertical  branches  of  the  curves  lie  approximately  in  the  region 
within  the  concentration  limits  of  ignition  existing  at  atmospheric  pressure  for 
normal  paraffins  (in  the  region  of  butane  and  heptane).  The  character  of  change  of 
concentration  boundaries  of  ignition  as  a  function  of  pressure  shown  in  Fig.  3.8,  is 
qualitatively  described  by  the  theoretical  condition  of  ignition  (3.7). 

Increase  of  initial  temperature  of  the  mixture  expands  the  boundaries  ( limits) 
of  ignition,  but  only  slightly.  The  "lean"  boundaries  (limits)  practically  do  not 
change  with  increase  of  temperature,  or  very  slightly  shift  In  the  direction  toward 
1  jwer  concentrations  of  fuel;  "rich"  boundaries  (limits)  more  noticeably  increase, 
in  linear  dependence  on  the  initial  temperature  of  the  mixture.  A  typical  graph  of 
the  dependence  of  concentration  boundaries  of  ignition  on  initial  temperature  of  the 
mixture  for  hydrogen,  carbon  monoxide  and  methane  is  presented  in  I  lr.  3.1‘j. 
Experiment  shows  that  from  the  known  concentration  boundaries  (limits)  of  ignition 
at  one  initial  temperature  of  the  mixture,  it  is  possible  to  calculate  boundaries  at. 
arty  other  initial  temperature  within  quite  a  wide  range  of  temperatures  (to  4uu°f i , 
proceeding  from  the  condition  of  constancy  of  enthalpy  (c^T^  +  q*c  -  o  Tg) ,  sine  ul 
the  ignition  boundaries  Tg  *  const  and  T^  =  va r. 

With  increase  of  the  percentage  of  inert  impurities  in  the  mixture,  boundarF 
(limits)  of  ignition  approach  each  other,  and  finally,  at  some  quantity  of  impurl t ie. 
merge  into  one  value. ^  In  Fig.  3.16  there  are  given  data  on  the  influence  of  addii lot 
of  argon,  helium,  nitrogen  and  carbon  dioxide  on  ignition  boundaries  of  methane.  Tin- 
influence  of  all  impurities  besides  C0?  is  identical  —  a  weak  Influence  on  the  lower 
boundary  and  a  strong  displacement  of  the  upper  boundary.  Addition  of  COg  also 
noticeably  displaces  the  lower  boundary.  This  displacement  is  due  to  the  fact  that, 
carbon  dioxide  is  not  a  completely  inert  impurity.  The  small  Influence  of  Inert 
impu  'itien  on  the  lower  boundary  can  be  explained  by  the  fact  that  at  the  lower 
bourn  pry  the  mixture  contains  an  excess  of  oxygen,  and  re|  Lacemei  1  of  part  of  this 
oxygen  by  an  inert  addition  cannot  essentially  change  the  minimum  percentage  of  fuel 
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at  the  lower  boundary.  The  same  can  be  said  uf  the  upper  boundary  if  it  is 
characterized  by  percentage  of  oxygen:  the  minimum  percentage  of  oxygen  at  the 
upper  boundary  practically  does  not  depend  on  the  percentage  of  inert  Impurity 
contained  in  the  mixture.  Complete  flegmatization  of  the  mixture  occurs  when  there 
are  considerable  quantities  of  impurity.  With  regard  to  degree  of  flegmatization, 
inert  additions  affect  both  the  ignition  boundaries  and  the  quantity  uHi*ax(r’ee  § 
Chapter  III).  This  influence  is  basically  determined  by  purely  physical  action,  and 
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Fig.  3.1!j.  Dependence  of 
concentration  boundaries  of 
different  gases  on  temperature. 
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Fig.  3.1  (>•  Displacement  of 
concent  rat  ion  boundaries  of 
a  methane-air  mixture  with 
I  liferent  inert  additions 
(according  to  Parker,  Burges 
.and  Wheeler). 


is  characterized  by  the  ratio  X/c  (of  the  c 

P  p 

addition,  the  weaker  is  its  flegmatizing  action). 

In  distinction  from  inert  additions,  an  active 
flegmatizing  addition  acts  not  ono.y  as  a  simple 
diluent,  but  also  actively  participates  in  the 
chemical  process,  by  chemically  combining  with 
oxidizer  and  so  forth. 

Curves  determining  the  action  of  active 
additions  are  qualitatively  the  same,  but  complel  c. 
flegmatization  of  the  mixture  may  occur  at  only  a 
1-6#  content  of  active  additions  in  the  mixture. 

As  active  flegmatizing  additions  there  are  used 
such  organic  compounds  as  ethyl  bromide  and  ethyl 
iodide,  methyl  iodide,  ethylene  bromide,  bromofon:  . 
methylene  bromide,  carbon  tetrachloride, 
chloroform,  and  others  [11]. 

The  influence  of  mean  flow  velocity  on 
boundaries  (limits)  of  ignition  appears  both 
through  turbulence  and  characteristic  time  o'' 
stay  of  the  igniting,  volume  within  the  sphere  of 
influence  of  the  ignition  source.  For  an 
electric  spark  with  discharge  gap,  larger  than 
^min’  *'*ie  lnfluence  °f  flow  velocity  appears 


only  through  turbulence.  From  condition  (3.9)  it  is  clear  that,  at  constant  spark 
power,  with  increase  of  mean  flow  velocity  ignition  boundaries  are  narrowed  (at 

v  the  value  of  u^  necessary  for  Ignition  increases).  At  some  sufficiently 
high  mean  veld  tty  v  ^  .  concentration  boundaries  merge  into  one  point  at  the  vnlu* 
llHMax  ol'  '  ho  f  l VPn  mixture. 
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In  expression  (5.9)  there  is  contained  tlie  minimum  source  power.  The  majority 
of  data  known  to  us  are  based  on  required  power,  which  takes  into  account  heat 
transfer  to  the  electrodes  (when  the  gap  between  electrodes  i3  smaller  than  6  ^n) . 

For  instance,  according  to  work  [23]  (Fig.  3.10),  for  a  gap  of  0.4  mm  between 
electrodes,  heat  supplied  by  the  spark  is  for  the  most  part  transferred  to  the 
electrodes.  Therefore,  heat  transfer  characteristics,  not  condition  (3.9),  are  the 
decisive  factor.  According  to  relationship  (3.9),  at  a  given  minimum  spark  power, 
the  maximum  flow  velocity  of  the  mixture  being  ignited  increases  with  decrease  of 
pressure,  but  according  to  work  [23],  velocity,  on  the  contrary,  decreases  due  to 
the  strong  influence  of  heat  transfer  with  decrease  of  pressure;  i.e.,  it  is  necessary 
to  investigate  physicochemical  conditions  of  ignition  of  the  form  (5.9)  at  6  »  h  .  » 


The  presence  of  side  factors  determined  by  the  specific  characteristics  of  the 
experiment  leads  to  disagreement  between  existing  experimental  data.  At  present 
there  are  not  yet  clear  and  consistent  data  on  the  influence  of  turbulence  and  flow 
velocity  (through  the  factor  of  time)  on  boundaries  and  limits  of  ignition. 
Nonetheless,  the  majority  of  experimental  data  and  condition  (5.9)  permit  us  to 
assert  that  ignition  boundaries  (limits)  of  a  homogeneous  mixture  are  narrowed  with 
Increase  of  mean  flow  velocity.  As  an  exception  we  have  two-phase  mixtures,  for 
which  with  increase  of  mean  velocity  (increase  of  turbulence)  ignition  boundarlt 
(limits)  may  be  expanded  due  to  the  Improvement  of  local  mixture  ratio  by  turbulent 
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§  8.  IGNITION  LIMITS  OF  TWO-PHAGE  (HETEROGENEOUS)  MIXTURES 


Till  now  we  have  considered  boundaries  and  limits  of  ignition  of  homogeneous , 
gas-fuel  mixtures,  when  the  fuel  component  is  in  the  vapor  phase.  In  combust  Ion 
chambers,  atomization  of  liquid  fuel  occurs  in  direct  proximity  to  the  buntin  '  me, 
.o  that  fuel  droplets  will  not  have  time  to  be  completely  vaporized  or  uniformly 
ml>ed  with  air  directly  before  the  burning  zone.  Therefore,  it.  1.  required  to 
establish  the  ignition  limits  of  such  two-phase  (heterogeneous)  mixture.;.  At.  present 
there  are  still  relatively  few  works  dedicated  to  this  problem.  This  Is  eq  lalned 
by  the  methodological  difficulties  connect, ed  with  such  Invest  lg.at  loti;; ,  and  a  i  so  I  y 
the  necessity  of  obtaining,  stable  mists  (sprays)  of  fuel  In  air.  and  of  mm  •  u-eiv  nt 
of  t  tie  average  dimension  of  the  drops  if  it  is  Impossll  le  to  ot.  ’a  In  a  suf  'i  -  lent  t.v 
uniformly  dispersed  mist.  Finally,  the  mist.  Is  sufficient  f,  stable  If  nhy/Loal 
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parameters  of  * he  medium  are  con.  tant,  whereas  dl.;)  rlbul  ion  -.  <'!'  liquid  find  vapor 
phases  of  fuel  in  a  real  eomhus, <  Lon  chamber  are  er.r.enl  Lai  ly  not  stable.  A  typical 
example  of  such  an  unstable  distribution  is  the  atomization  spray  after  a  swirl 
in. lector.  Therefore,  In  al  L  ouch  investigations  it  lr.  necessary  to  stipulate  tht; 
diameter  of  the  pipe  and  the  length  of  the  pipe  from  the  place  of  atomization  to  the 
flame;  front. 

The  first  observations  of  the  ignition  limits  of  a  mint  showed  that  mists  have 
approximately  the  same  limits  as  mixtures  of  completely  vaporized  fuel.  In  work  [171 
drops  of  kerosene  (dimension.-,  of  the  drops  were  from  9  to  80  u)  were  injected  into 
butane-air  and  acetylene-air  mixtures  in  a  Bunsen  burner.  According  to  data  of  this 
work,  drops  with  dimension  of  up  to  p.  under  the  conditions  ol'  t.he  experiment  are 
completely  evaporated  before  they  reach  the  inner  cone  of  the  burner,  and  drops  of 
fuel  with  dimension  of  10  n  are  obtained  by  condensation  of  the  vapor-air  mixture 
(the  mixture  is  composed  of  the  American  rocket  fuel  JP-1  4  air)  at  a  temperature 
of  0°C ,  by  recalculation  of  ignition  limits  of  t  he  M  piid-vaj  or-ai  >•  mixture  (mist) 
arid  the  vapor-air  mixture  for  identical  temperature,  the  authors  of  (171  arrive  at 
the  conclusion  that  the  "lean"  limit  for  a  mist  Is  ver\\  close  to  the  corresponding 
limit  for  a  vapor-air  mixture  (ratio  of  fuel  to  air  lr,  m.(>4).  The  "rich"  limit  for 

*  lie  mist.,  howevr,  is  observed  at  Lower  concentrations  than  would  have  been  expected 

i  r  'i-ee.i  Lug  from  the  data  for  homogeneous  mixture  (ratio  of  fuel  to  air  lr  0.1^ 
lu. -teal  of  (’.  for  the  homogeneous,  mixture).  The-  "lean"  limits,  for  -til  mists  nr< 
approximately  Identical,  equal  to  the  limit  usually  obs>  rved  for  hydrocarbon  vapors 
(wel  lit  ratio  of  fuel  to  air  o.. ciliated  within  the  range  from  o.t'v''  to  o.Qll?),  and 
the  "rich"  limit  is.  different  and,  on  the  average,  lower  than  for  hydrocarbon  vapors. 
In  this  same  work  there  is  noted  a  stronrer  f legmatls.lnp  action  <>f  inert  additions 
on  1  nil  Ion  limits  of  the  mist.  (  or  a  mist  lubricating  oil  No.  .  the  limit  was 

observes  at  •  o,"  or  at  227'  POp,  whereas,  for  lantane,  eomplet.  f  I >  .'mat  lzation  was 

oi  served  onl,\  at  1)27*  and  297*  POp). 

More  ox. ad  quantitative  results  on  ignition  limits,  of  mists  are  giv^n  Ln  the 

of  !  uyoym  |  IV'].  A  uniform  mist,  was.  obtained  b.\  eondon.-.li  -  fuel  vapor  on 
•O',  t'-nsa  t  1  on  cent  i  r  s.upnl  ion  by  tin  valorization  of  tat  m  .-.all  from  -t  heated  c;  o  L  1  . 

.In  i'll  a  wa  ,  ,  It  i  .  po. -s.il  le  to  ol  tala  .tug  fie  1  ent.  ly  uni  r-.l.,  dispersed  mists,  with 
dl  -To  rent  avo'-a  *r  u  1  n.ens.  1  ons  of  drops,.  Tetrallu  was.  u.-.e  i  a  fuel.  Average  dimension, 
crons  I  t.  '-irir  I  t’rO’M  7  *o  11  U.  ids  ml-tuce  f'.v...  ;  In  a  ’'c’d.l  I  |  Ir.o,  from 
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top  to  bottom,  with  velocity  not  exceeding  3  cm/sec,  and  was  Ignited  from  be  Low .  > 

that  the  flame  propagated  from  bottom  to  top.  During  the  time  of  motion  throw  'h  tin- 
pipe,  the  dispersed  composition  of  the  mist  dirt  not  change  essentially  (drops  did 
not  have  time  to  be  enlarged  due  to  collisions  with  each  other  during  the  time  of 
their  motion  to  the  flame  front).  Results  of  measurements  showed  that  the  nature  o1' 
the  flame  completely  changes  over  the  range  of  dimensions  of  drops  from  7  'o  ■>•>  n. 

In  Fig.  3.17  and  3.18  there  are  plotted  the  "lean"  limits  of  ignition  for  » 
tetralln  mist  as  a  function  of  diameter  of  the  droplets  of  mist,  For  the  sma>  In.  t 
dimensions  of  drops*  the  weight  ratio  of  fuel  to  air  (0.039)  was  approximately  equal 
to  the  ratio  for  the  vapor  mixture.  With  increase  of  diameter  of  droplets,  +  he 
magnitude  of  this  ratio  continuously  decreases.  Thus,  for  drops,  having  the  .•’.maMes' 
dimensions,  the  flame  is  similar  to  the  flame  existing  in  gas  mixtures  at  the  "lean" 
limit,  but  with  increase  of  dimensions  of  the  drops,  the  flame  becomes  more  and  '•  n< 
concentrated  at  discrete  centers  of  burning  around  individual  droplets. 

Unfortunately,  in  the  work  of  Burgoyne,  dimensions  of  the  vapor  phase  of  I  In 
fuel  are  not  given,  but  there  is  given  only  the  quantity  of  liquid  chase,  and  a '  ■ 
some  data  on  the  ignition  limit  during  motion  of  the  flame  top  to  bottom.  Thi  ilml's 
for  this  case  could  be  measured  only  for  the  drops  of  smallest  l  In  curious.  For  irop  • 

of  •  a,  the  limit  during  motion  of  the  flame  upwards  occurred  at  a  n' to  of  fu<  1  i  - 

oxLdiaer  equal  to  U.039,  and  during  motion  downward.'  —  .at  0.044;  i.e.,  the  diffi 
between  the  values  was  in  order  of  magnitude  the  ame  us.  or  tin  "|rv."  limit  < 

ml.-,  t  urer. .  The  quantity  of  fuel  was  measured  only  fee  tdr  liquid  phas.e.  In  tin  -k 

of  lairgoyne  there  was  also  Investigated  'he  influence  of  additions  of  nitrogen  a 
the  "lean"  limit  for  drops  with  diameter  of  10,  l'l  and  4b  p  { !•  i  .  •■.  .  ).  it  1  •  1 1-» 
o\it  that  the  Larger  the  drops,  the  greater  tin  percentage  of  ni  1  re  <  r  which  Is. 
retjt'lred  for  cess  ation  of  flame  prop^gat  ion.  or  the  smallest  dim*  ns, Ion  of  i li< 
drofs,  the  "lean"  limit,  as,  a  function  of  the  minimum  percentage  oxygen  "  ! 

coincides  with  the  limit  for  hydrocarbon  gas  '  lames  (see  Tab  •’ 

The  conclusion  concerning  displacement  of  tiie  "lean"  limit  |i,  I  he  direct,  . . . 

lower  fuel  concentrations  with  Increase  of  dimensions  of  drops  and  tin  analogous 
physical  interpret -it  Ion  of  this  phenomenon  are  ,'lven  In  v  orks,  <  f  hud'ku  ;  •?]  and 
Tikhomirov,  who  -omiuct.ed  similar  In ves.tigat Ions  with  at  ml  •» t  i •  •  nr.a..  .  TlUIn  mi 

l  Cf  ] ,  for  instance,  Investigated  the  rate  and  limits  of  comlus'1  of  •  f  !•,»..  .!<  « 

after  a  turner  i  laced  at  fixed  point  of  tie  atomisation  s.i  •,  •  t  .•  ,.wir'  in,',  • 
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In  the  work  of  Golovina  [2b] ,  dedicat?d  to  the  name  problem.,  there  In  considered  the 
1i  i'luonce  of  ratios  of  liquid  and  vapor  phases  ol'  the  fuel  on  concentration  boundaries 
o;  ignition.  Ignition  of  two-phase  and  homogeneous  gasoline-air  mixtures  and  two- 

.  :*»4% •  -  * i 

phase  Rerosene-gasoline-air  mixtures  (kerosene  was  in  the  liquid  phase)  was  carried 

•  ,  r.  I'.’Sf  r  l  ■  7'-«  ^ 

out  by  a  spark  in  a  pressure  chamber  (at  p  =  760  to  20  mm  Hg).  On  the  basis  of  Ihe’ 
obtained  data  there  was  made  the  conclusion  that  for  ignition  of  a  two-pharfe  mixture 

(initial  ratio  of  vapor  to  total  amount  of  fuel 

M  , 

was  changed  from  0.2  to  0.7) »  it  is  necessary  to 

have  a  mean  value  of  the  air-fuel  vapor  ratio, 

equal  for  the  "lean"  Ignition  boundary  to 

an8p  ~  3,  and  for  the  "rich"  boundary  —  to 

°nep  ~  0.32.  Coarseness  of  atomization  of  drop:; 

in  the  work  was  so  great  (100  u)  that  ignition 

boundaries  with  respect  to  total  quantity  of  fuel 

were  noticeably  shifted  in  the  direction  o1‘ 

U  n  30  *3  S3  SQ  "richer"  mixtures.  At  atmospheric  pressure,  for 

iM>«ter  or  drop*  o  in u  the  two-phase  gasoline-air  mixture,  values  of 

i'nriprpr^m  total  Et  61  '  $M»  ruid  llOUfuiarlws  **T*' 

ilameter  oi  drops  on  xean 

bTral?n  iSs!  hom°GeneouP  equal  respectively  to  1.6  and  m.5.  whereas  for 

the  homogeneous  mixture  these  values  were  equal. 


", 

» 

&  i 

t-s 


volume  fj  0. 

2 


I  lr  .  • .  18.  Influence  of 
Hint  Ion  ol'  a  mixture  with 
nit rogen  on  the  "lean" 
Ignition  limits  of  tel ralin 
t:  1  ts. 


respectively  to  1.0  and  0.^4. 

.uantltative  result  s  of  the  work,  in  spl '  e 
of  their  preliminary  and  specific  character,  are 
interesting  due  to  the  fact  that  they  indicate 
the  important  role  of  the  fuel  vapor  phase  under 
ignition  conditions.  In  the  region  of  ignition 
there  should  always  be  determined  the  average 
level  of  concentration  of  fuel  vapor,  and  th*' 
wider  the  spectrum  of  oscillations  of  coneentrat  lot' 
of  vapor  about  the  mean  value,  the  greater  is  the 
possibility  that  there  will  occur  ignition  at  a 
lower  average  level. 

Thus,  In  heterogenous  mixture.;  t  he  flame 
can  propagate  within  approximate !,*  'he  same 
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limits  (and  within  even  wider  limits)  as  in  homogeneous  mix* u res  oi  these  rue  Is. 
ouch  behavior  of  the  limits  for  mists  and  atomisation  sprays  ran  apparently  he 
explained  by  the  l'act  that  an  atomization  spray  or  mi3t  giver  the  most  varied  frail 
distributions  of  ratios  of  fuel  vapor  phases  to  oxidizer,  including  th  most 
favorable  distribution,  which  lie  within  the  ignition  region  and  can  serve  as  a 
constant  ignition  source  for  close-lying  distributions  of  another,  unignited 
composition.  Thus,  ignition  can  be  realized  even  if  the  total  average  quantity  of 
fuel  turns  out  to  be  less  than  or  greater  than  In  the  homogeneous  mixture  respect lv< 
at  the  "lean"  and  "rich"  ignition  boundaries. 


Table  5.4.  Comparison  of  Ignition  Limits  of  Atomization  Sprays  of  a  Number  of 
Liquid  Fuels  (in  Terms  of  Minimum  Oxygen  Concentration)  and  Vapors  of  a  Numuer 

of  Hydrocarbons  in  Nitrogen-Oxygen  Mixtures _ 


Fuel  liquid 

Ignition  limit 
of  atomization 
spray,  %  0 g  in 

o2-n2 

fuel  (vapor) 

Minimum  concen¬ 
tration  of  0o 

necessary  for 
Ignition  of  fu.-i 
vapor,  '/  Op  In 

Op-I'L,  mixture 

Gasoline 

12 

Gasoline 

LI. 2 

P-hexadecane 

12 

Methane 

12.  1 

Aircraft  hydraulic  fluid 

12 

Propane 

11.4 

AN-W-0-366B 

Pentane 

12. 1 

Marine  lubricating  oil 

— 

Hexane 

11.9 

NL2159 
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C  H  A  I  T  E  R  IV 


TURBULENCE  IN  AIR  FLOWS 

The  various  t  lenient.",  of  the  working  process  in  combustion  chambers  ol'  air- 
i  rent  hint1;  jet  enr.ines  —  carburetion  of  the  fuel  mixture,  stabilization  and  propagation 
of  the  flame,  heat  exchanre  between  combustion  products  and  chamber  wells  and 
nozzle  —  t.o  a  considerable  decree  are  determined  by  properties  of  turbulence  in  the 
flow.  Below,  there  are  briefly  expounded  present-day  fhysical  concepts  and 
experimental  data  on  turbulence  which  have  a  direct  relation  to  elements  of  the 
worklnr  process  in  combustion  diatrbers  cd'  air-b  reathinp.  Jet  engines. 

§  1.  DESCRIPTION  AND  DEFINITION  OF  TU'O  tlLENT  MOTION 
FOI LOWING  EULER'S.  TREATMENT 

by  measuring:  the  flow  parameters  in  coml  ustion  chamber  with  i  ht  help  of  i  1  •  k  - 
’•e.nonse  i'lsf ruments  (hot-wire  anemometer,  resl.tanee  thermometer  and  so  forth),  Wf 
■•hi  show  that  the  instantaneous  value  of  a  parameter,  <  ven  in  i  stationary  flow,  does 
not  remain  constant  in  time,  but  fluctuates  about  its  mean  value,  i.e.  . 

0  — w  +  p',  T  =  T  +  T  .  Hr. 

.■.It-  ft  v,  T,  \  T*  are  respec,  IveJ.v  the  mean  and  f  Luc  mat  inf  value,  of  velocity  and 

■  cmiiHrai  n re  at  the  considered  point  of  t.he  i'Low. 

l'lu'tuation  car.  be  either  acoustic  or  turbulent  in  nature. 

Acoustic  i  ills, at  ions  constitute  a  system  of  random  waver.  —  1  onr  1 1  ud  1  na  L, 
ti  d  it. is  oomnresslons.  of  the  medium.  This  is  what  ].  it-rceivel  a.  uuulblo  noise; 

1'  always  exists-  in  a  flow  moving  throurh  a  pipe,  in  a  f'ow  pas.  tin;  mi'  into  a 
filled  si  >, use,  and  so  forth.  In  acoustic  pulsations,  voh  It,,  of  the  v-  il  im  'oincidcs 
with  direct  ion  of  j  ropapat  ion  of  the  wave,  but  its  maj'iil'ide  l.  I  n,  irn  l  f  leant  l.y  small 
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in  comparison  with  the  velocity  ol'  wave,  preparation,  which  is  equal,  as  it  is  known, 
to  the  speed  of  sound.  An  acoustic  wave  does  not  transfer  an  elementary  volume  of 
th<  medium  through  space,  but  causes  it  to  oscillate  about  its  mean  position  with  n 
amplitude  not  usually  exceeding  fractions  of  a  millimeter,  whereas  the  energy  of  this 

wave  propagates  through  the  pipe 
with  the  speed  of  .sound  practically 
without  limit.  For  acoustic 
pulsations,  a  discrete  distribution 
of  energy  of  the  pulsations  with 
respect  to  frequency  is  character¬ 
istic.  For  flow  in  a  pipe  there  Is, 
as  it  is  known,  a  fundamental 
frequency  (fundamental  tone),  which 
is  determined  by  the  length  of  'he 
pipe,  and  an  infinite  series,  e  ' 

Fig,  4.1.  Schematic  diagram  of  the  field 

of  turbulent  velocities  (a)  and  the  dis-  higher  frequencies  ("harmonics"), 

tribution  of  transverse  turbulent  velocities 

along  the  x-axis  (b).  which  are  multiples,  of  the  funua- 

mental  frequency.  Acoustic  pulsations  owe  their  existence  to  compressibility  an: 
elasticity  of  the  medium. 

Turbulent  fluctuations  are  a  random,  disordered  set  of  vortical,  'rot ions  of  a 
medium  (eddies)  of  different  scales  (Fig.  4.1).  An  idea  of  turl  ulent  motion  can  !• 
obtained,  for  Instance,  by  observing  the  wake  after  an  object  moving  In  water.  Hr 
velocity  of  the  volumes  of  the  turbulent  medium  1  determined  by  I  he  veloclt  ,  a 
rotation  of  the  eddies  v'.  These  volumes,  along  with  whatever  substance  they  contain 
or  properties  they  have  (impurities,  temperature,  turbulent  energy,  etc.)  can  mo /e 
through  the  turbulent  medium  practically  without  limit  with  a  velocity  determln,  n 
L,v  the  coefficient  of  turbulent  diffusion.  For  turbulent  fluctuations,  a  coni  in, on. 
distribution  of  the  energy  of  the  fluctuations  with  frequency  is  •haracterist.  lr. 
Turbulent  pulsations  are  not  connected  with  compressibility  of  the  liquid,  and  oiv 
their  exlstei  ■<  basically  to  one  property  of  the  liquid  —  Its  fluidit  /. 

The  entire  contemporary  theory  of  turbulence  is  ba.u  d  prlmarl  l.v  on  'he  condi1 
of  incomp  res, sibl  lit  y  of  a  liquid.  In  reality,  compressio  Lilt  ,y  of  a  liqji  i  rut  it 
own  imprint  on  the  physical  picture  of  a  turbu lent  field:  in  at  e,i  i ,  o’’  ■ 

"compress ib le"  liquid,  there  is  a  certain  time-varying  distribution  of  static 
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pressures,  and  therefore  densities,  no  thet  any  eddy  is  at  i  he  same  time  a  source  of 
acoustic  oscillations.  Any  disintegration  of  an  eddy  or  formal  ion  of  a  new  eddy  is 
accompanied  either  by  the  disappearance  or  formation  of  new  acoustic  oscillations, 
which  propagate  over  the  entire  turbulent  field.  Therefore,  on  a  field  of  turbulent 
velocities  there  is  always  superimposed  a  background  of  acoustic  noises.  For  this 
reason  we  can  "hear"  a  stream  of  air  flowing  out  into  a  filled  space,  the  whistle 
of  wind  In  the  rigging  of  a  ship,  etc. 

Thus,  acoustic  and  turbulent  pulsations  exist  in  a  flow  simultaneously,  and  are 
not  divisible.  However,  inasmuch  as  their  roles  in  the  process  of  turbulent  exchange 
are  different,*  it  is  necessary,  for  quantitative  description  of  turbulence, 
sometimes  to  separate  them  artificially.  All  hot-wire  anemometrlc  methods  of 
measurement  of  pulsations  obviously  do  not  distinguish  between  classes  of  pulsations 
( 1  ho  filament  of  a  hot-wire  anemometer  simply  registers  the  total  magnitude  of  the 
pulsations).  All  diffusion  methods  based  on  features  of  turbulent  transfer  mainly 
measure  only  characteristics  of  turbulent  pulsations. 

Comparison  of  measurements  of  the  magnitude  of  veLoeity  pulsations  by  these 
two  different  methods  indicates  that  in  industrial  pipes,  in  most  cases,  the  magnitude 
of  acoustic  pulsations  of  velocity  can  apparently  be  disregarded.  In  the  foreign 
literature  recently,  along  with  the  measured  total  magnitude  of  velocity  pulsations, 
there  is  also  given  the  value  of  the  level  of  acoustic  noise.  Acoustic  pulsations. 

■■in  rive  a  large  error  in  measurement  by  a  hot-wire  anemometer  of  turbulent,  scale:; 
i y  correlation  of  longitudinal  velocity  pulsations,  since  the  correlation  of  acoustic 
velocities  is  practically  not  limited  with  respect  to  length.  It  is  possible,  for 
e v ample'  to  observe  the  correlation  between  acoustic  velocity  pulsations  on  filaments 
of  luil -wire  anemometers  located  at  the  ends  of  a  long  pij e.  Therefore,  experimental 
ml  i  on  turbulence  obtained  with  the  help  of  a  hot-wire  anemometer  without 
•on.’ Ider, at, ion  of  the  influence  of  noises  must  be  used  with  caut  ion.  Subsequently 
v  will,  without  stipulating  more  than  this,  consider  only  the  field  of  turbulent 
pulsations  (for  acoustic  pulsations,  see  Chapter  VI). 

Inasmuch  as  the  mean  value  of  pulsations  Is  by  definition  equal  to  ^ro,  then 
or  dot  ennin.nl  Ion  of  the  magnitude  of  pulsations  we  use  the  mean-square  v*  or 

*A  -our.  tie  pulsations  affect  the  process  of  mi'- rol  urbulent  mixing,  but  prnctiea  1  l,y 
do  not  affect  the  process  of  macro-exchange.  According  to  results  of  a  series  of 
'orel  ai  and  .’oviet  works,,  their  influence  on  the  rate  of  turbulent  combustion  1.. 
i  os  1 live. 


root-mean-square  value  ol'  the  considered  pulsations  y  v'1 


In  practice 


Lik;1  •  nil 


ol-  root-mean-square  value  of  the  modulus  of  velocity,  there  are  used  values  of  1  s. 

projections  on  the  coordinate  axes  x,  y,  z  —  respectively  u'*\  J/V*; 

or  the  more  convenient  relative  magnitudes  u'*;V,  ][ j/~w^jo,  which  are 

called  intensities  of  turbulence  (in  the  given  direction).  The  last  parameter  1. 
frequently  called  the  Karmen  number. 

Tubulence  is  called  uniform  in  a  certain  space  direction  (uniform  in  time),  if 
values  of  its  average  parameters  are  identical  at  any  point  along  the  given  space 
direction  (identical  with  respect  to  time). 

An  example  of  uniform  turbulence  is  turbulence  along  the  axis  of  a  one-dlmenslon; 
steady  turbulent  flow  in  a  pipe  (but  not  perpendicularly  to  the  axis  of  t.he  pipe!). 

Turbulence  is  called  isotropic  if  its  averaged  parameters  are  identical  in  any 
direction.  In  isotropic  turbulence,  orientation  of  the  turbulent  vortic  turns  out 

to  be  on  the  average  identical  in  all  directions  (in  particular 

Subsequently  we  will  describe  only  this  simple  case  of  turbulence,  while  stlpu  ! n1 Lng 
what  changes  are  introduced  into  the  relationships  considered  u-low  by  rionunlformll,, 
and  anisotropy. 

The  description  of  turbulence  can  be  conducted  as  in  Euler's  treatment, 
considering  statistical  properties  of  the  distribution  of  turbuleni  velocities 
throughout  space  at  a  given  moment  of  time,  as  well  as  in  lagranpe's  treatment  , 
•onsidering  statistical  properties  of  turbulent  velocities  of  particles  of  the  li  pi  id 
at  different  moments  of  time. 

All  data  necessary  for  a  complete  statistical  description  id'  t  irbulence  In 
Euler1:’,  treatment,  can  be  obtained  by  placing  the  filament  of  an  HeaL  hot-wire 
anemometer  at  the  point  of  the  turbulent  flow  which  Is  of  int  ».•>.•(  to  us.  Tin 
Instrument  will  give  an  oscillogram  of  longitudinal  u'  or  transverse  v'  (iri 

V 

lepemlence  on  the  design  of  the  instrument)  component  r.  ol'  turbulent  veloei'.i.  .  ■ 

ur.naLly  the  average  flow  velocity  is  mt  ch  higher  than  the  turbulent,  /elo  ity  ( 
then  the  oscillogram  of  he  longitudinal  component,  of  turbuleni  veto -It.,  turn;-,  o' 
to  be  practically  Identical  to  the  oscillogram  of  this,  same  velocity  recorded 
instantaneous  l.v  along  coordinate  x  along  the  flow  axis.  Her*  a  .’hanye  !■  ’urbuht 
velocity,  e.g.,  from  zero  to  u'  with  frequency  k.  nn  the  "ilm<"  o.  I'lorr-ir  Indl  "ti< 
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the  passage,  across  the  filament.,  of  a  single  vortex  with  the  scale  of  the 
longitudinal  velocity  component  u'  and  a  scale  of  length  l  ^  v/k^. 

According  to  the  given  oscillogram,  it  1.  possible  to  construct,  the  probability 

O  — 

density  function  of  the  quantity  dv'  /2dk  =  E(k)  over  frequencies  k*  (or  over  scales 
i).  Quantity  E(k)  is  called  the  spectral  energy  density  and  characterizes  the 
magnitude  of  turbulent  energy  of  a  unit  of  mass  per  unit  interval  of  frequencies  in 
the  region  of  frequency  k.  Typical  graphs  of  this  function  are  shown  in  Fig.  4.2. 


r«glon  of  rr.acrootruetur  > 


4r 

roglsn  of 
mieroitruotur* 


From  these  graphs  it  is  clear  that  for  a 

,  given  distribution  there  exist  certain 

7T 

a  I  frequencies  (scales)  to  which  the  largest 

L a  ✓'Sv  p  fraction  of  the  turbulent  energy  belongs 

[I  /  a  J  (frequencies  in  the  region  of  the  value 

1 1  /  j  |  kQ) .  Let  us  note  that  on  the  same  graph, 

„■  y  i  the  distribution  of  noise  energy  in  the 

#  A,  k,  * 

r*gion  of  rr.acro>truetiir ’  .  flow  would  be  in  the  form  of  an  infinite 

"  ■■  ■  ■  rlcrortruiturt 

series  of  discrete  values  of  k  (multiples 

Fig.  4.2.  Spectral  energy  density  at 

small  (a)  (Re  ~  Rexp)  and  large  (b)  of  the  fundamental  frequency).  Knowledge 

Reynolds  numbers  (RC  »  PeHj;).  of  v/kQ  (the  scale  to  which  the  maximum  of 

turbulent  energy  drops)  can  be  taken  as  the 
characteristic  of  the  average  scale  of 
turbulent  vort ices. 

Usually  there  is  used  another  scale  which  Is  more  convenient  in  the  sense  of 
theoretical  analysis  and  measurement,  the  so-called  integral  Euler  scale  of 
turbulence  1^.  It  is  defined  in  the  following  way:  With  the  help  of  two  hot-wire 
anemometers  located  at  a  distance  r  from  each  other,  there  is  measurer!  the  correlation 
•oeffle Lent : 

of  longitudinal  velocities  ' 


Fig.  4.2.  Spectral  energy  density  at 
small  (a)  (Re  ~  Rexp)  and  la rge  (b) 

Reynolds  numbers  (RC  »  PeHj-)* 


(4.2) 


ami  t  ransversi  velocities 


_  “  _  2  —2  2 

•Here  v,£"  =  1  +  v'  +  w1  Is  the  square  of  the  mo  iu  Lur  of  turbul'fit  velocity; 


k  is  the  modulus,  of  t  lie  wave  vector  wi’h  component  s  kj,  kp,  k... 
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as  a  function  of  r.  The  correlation  coefficient  server,  as  a  measure  of'  the 
statistical  relationship  between  turbulent  velocities  at  two  points  separated  '  a 
distance  r.  It  changes  from  unity,  when  r  =  0  (complete  correlation),  to  zero,  when 
with  increase  of  r(r-*oo)  this  correlation  disappears.  It  is  obvious  that  the  larger 
dimensions  of  the  eddies  are  on  the  average,  the  higher  is  the  probabiJity  of 
encountering  turbulent  velocities  of  the  same  sign  at  the  two  points,  i.e.,  the  less 
steeply  function  R(r)  decreases  from  unity  to  zero.  Therefore,  as  the  measure  of  the 
average  scale  of  eddies,  it  is  possible  to  introduce  the  scale  defined  as 


"-i 


RJr  aild  t£,  -  f Ro(r)dr. 


From  the  condition  of  continuity  of  the  medium,  for  uniform  and  isotropic 


turbulence  the  theory  gives 


( ^ .  4 ) 


For  isotropic  turbulence  the  theory  also  gives  the  relation  between  the 
longitudinal  scale  and  the  spectral  energy  function  [1]: 


.-£-j  k~l  E(k)dk' 


(usually  there  is  used  only  the  scale  lgu  is  then  omitted). 


The  Euler  scale  of  turbulence  can  also  be  obtained  from  the  "lime"  oscilloj  cam 


with  the  help  of  the  following  relationships: 


o>*- 


( ^  • 1 ; 


■  m 


The  value  of  lg  measured  by  the  two  methods  turn  out  to  be  Identical  [2.5],  which 
once  again  confirms  the  identity  of  the  distributions  of  turbulent  velocities  In 
t ime  and  space. 

For  measurement  of  parameters  u'  ;  igj  E(k)  at  high  flow  velocities,  it  I. 
necessary  to  have  an  instrument  with  high  frequency  resolving  power  In  al  l.  of  it  . 
units  (higher  than  10,000  cps);  otherwise  the  instrument  will  measure  not  the  .'ur/i 
Il(k),  but  its  own  frequency-response  curve. 

The  whole  spectrum  of  turbulent  pulsations  can  arbitrarily  l.r  ilvlded  into  two 
regions:  a  macrostructure  region  and  a  microstructure  region.  In  the  1 1 1  e ra t.u re 
these  concepts,  have  still  not  been  established  finally.  Dependin'  ui  on  the  nurpo  e 
Of  their  inve  ;  t  lgat  Ion,  SjOtne  authors  lefine  the  macro  .t  r  irt.ure  region  as,  only  the 


region  of  the  largest. ,  slowest,  anisotropic  eddies,  the  dimensions  and  orientation 
of  which  are  determined  by  the  character  I  ."tie  scale  and  geometry  of  the  flow  (diameter 
and  shape  of  an  obstacle  in  the  flow,  of  the  pipe,  and  no  forth),  i.e.,  the  region 
of  frequencies  k  «  kQ.  Others  define  it  as  only  the  spectrum  of  frequencies  in 
the  region  of  k^,  in  which  the  main  part  of  the  energy  of  the  turbulent  pulsations 
falls  (without  the  biggest,  anisotropic  eddies).  A  third  group  understand  by  the 
term  "macrostructure"  all  frequencies  less  than  or  equal  to,  in  order  of  magnitude, 

i  he  frequency  k^.  For  problems  of  turbulent  combustion  the  last  definition  is 

_  p 

sufficient.  VaLues  of  turbulent  parameters  v*  ;  are  determined  basically  by 
eddies  of  the  mac  root,  ruct.ure.  The  theory  of  turbulence  does  not  give  relationships 
for  calculation  of  these  magnitudes,  and  they  are  still  determined  experimentally . 

By  the  term  "microstructure",  we  understand  the  region  of  frequencies  much 
higher  than  k^  (see  Fig.  4.2).  The  theory  of  the  microstruc  ure  of  turbulence  is 
most  fully  developed  for  very  high  Reynolds  numbers  Re;  this  is  the  so-called  theory 
of  Local  turbulence  of  A.  N.  Kolmogorov  [9],  [14],  This  theory  is  based  on  the 
following  physical  concepts.  At  sufficiently  large  Reynolds  numbers  Re(v'd/v  >  1), 
forces  of  Inertia  of  the  flow  ..tart  to  exceed  forces  of  viscosity;  the  main  flow 
becomes  unstable  and  vortices  (eddies)  with  dimension.1.  I  comparable  with  dimensions 
of  pipe  d,  the  turbulence  producing  obstacle,  etc.,  devclope.  Distribution  of  energy 
of  the  eddies  is  grouped  near  the  frequency  k(j  ~  d/"v  (see  Fig.  4,2a).  With  further 
in-rease  of  average  flow  velocity,  the  appearing  eddies  also  become  unstable 
( v 1  / /v  >  1)  and  are  broken  up  into  eddies,  of  still  smaller  scale,  which  in  turn  are 
again  broken  up,  etc.  This  process  continues  up  to  scales  of  eddies,  for  which 
viscosity  plays  the  dominant,  role  (v'l/v  "  1 ) ,  As  a  result,  at,  very  large  Reynolds 
numbers  Ke  of  the  flow.  In  the  flow  there  is  obtained  a  cascade  of  eddies  with 
continuous  disc  rlbut ion  of  energy  with  respect  to  scales  (Fig.  4.2).* 

In  such  a  cascade  process  of  energy  transfer,  every  eddy  obtains  on  the  average 
cm  rgy  from  the  bigger  eddies,  and  the  biggest,  eddies  obtain  energy  directly  from 
tin.  averageu  motion  of  the  l'Low.  The  smaller  the  eddy,  the  more  weakly  it  is 
connected  with  1  he  averaged  flow  (with  its  direction  am:  reomet  r,\ ) .  Therefore  it  is 
I'D.1,  ib  le  to  expect  thal  with  decrease  of  dimensions  of  e. idles,  their  statistical 
prone  rt.les  will  aj  p  roach  conditions,  of  uniformity  and  ire  t  ropy.  The  fa  rther  the 

“Tin  idea  of  cascade  energy  transfer  was  expressed  for  the  first  time  by 
K  1  'ha  r  iron . 


considered  turbulence  is  located  from  walls  of  the  pipe  (from  the  surface  of  the 
obstacle),  the  larger  will  be  the  scales  in  which  it  will  be  possible  to  expect 
observance  of  these  conditions. 


Energy  of  large  eddies  is  practically  not  dissipated  by  viscosity,  since  the 
influence  of  viscosity  on  these  eddies  is  insignificantly  (v'l/v  »  1).  If 
turbulence  on  the  average  attenuates  with  time  (i.e.,  is  non-stationary) ,  then  this 
dissipation  is  due  to  the  fact  that  large  eddies  transmit  part  of  their  energy  to 
smaller  eddies  with  exactly  the  same  rate  with  which  energy  is  dissipated  by  the 
small  eddies  due  to  viscosity.  It  follows  from  this  that  local  turbulences  not  only 
is  uniform,  but  also  stationary  —  rate  of  energy  supply  from  large  eddies  is  equal 
to  energy  dissipation  by  viscosity  —  and  that,  although  the  dissipation  of  turblent 
energy  is  determined  by  viscosity,  the  rate  of  this  dissipation  in  established 
(determined)  by  properties  of  the  turbulent  macrostructure. 

From  parameters  determining  turbulent  macrostructure  it  is  possible  to  compose 
a  unique  expression  for  the  dimension  of  rate  of  dissipation  t.(erg/g*sec)  —  the 


average  quantity  of  energy,  dissipated  per  unit  time,  per  unit  mass  of  liquid: 


0.7) 


For  turbulence  caused  by  grids  in  the  flow,  by  definition  this  quantity  is  also 
equal  to  e  =  |  du,2/dt,  so  that  there  should  be  satisfied  the  approximate  equal  ily 


*Ui!Wor 

«  Ik 
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whe  re 


•  ®  • 


For  turbulence  after  the  grids  in  wind  tunnels,  this  equality  is  indeed  sat  1. -.fled 
with  good  accuracy  [1], 

Inasmuch  as  the  actual  existence  of  local  turbulence  is  determined  only  l.v  '  he 
rate  of  energy  supply  to  it  from  the  macrostructure  and  by  the  action  of  viscosit.,, 
then  the  only  dimensional  parameters  determining  local  turbulence  are  f.  and  v. 

Instead  of  these,  it  is  more  convenient  to  use  two  other  parameter.',  of  the 
dimension  of  velocity  v  and  length  q  derived  from  then: 


o  —  (vi)7*  1  -  (v,/«)’/* . 


(4.9) 


Parameter  q  doer;  not  have  an  established  name.  It  is  sometimes  trailed  the 
internal  scale  or  turbulence  (in  distinction  from  lg,  "the  external"  scale  of 
turbulence),  the  scale  of  the  smallest  eddies t,  the  Kolmogorov  scale,  etc.  The 
parameter  v  in  general  has  no  name.  In  physical  meaning,  these  parameters  are 
characteristic  scales  of  velocity  and  dimension  of  eddies  for  which  forces  of  inertia 
and  forces  of  viscosity  are  in  equilibrium  (v  x  q/v  =  1).  This  means  that  there 
exist  eddies  smaller  than  q,  but  they  are  extinguished  by  viscosity  more  rapidly 
than  they  can  transmit  energy  to  stil]  smaller  eddies.  The  condition  v*q/v  =  1 
also  signifies  that  the  coefficient  of  turbulent  diffusion  of  these  eddies  is  of  the 
same  order  as  the  coefficient  of  molecular  diffusion. 

Scale  i]  divides  the  spectrum  of  scales  of  local  turbulences  into  two  regions  — 
regions  of  scales  of  larger  and  smaller  q.  For  the  region  of  scales  q  «  i  «  lg, 
viscosity  does  not  play  a  significant  role,  so  that  one  parameter  e  remains  decisive, 
therefore,  it  is  possible  to  write  the  following  expression  of  the  dimension  of 
velocity  (Kolmogorov-Obukhov  law  [9],  [l1*]): 


~(tt)v 


(4.10) 


For  the  region  of  scales  7  «  q,  it  is  possible  to  write  from  the  same  dimensional 


•onsiderations  [10] 


(4.11) 


The  parameter  vl ,  in  physical  meaning,  determines  the  order  of  total  velocity 
of  all  eddies  located  in  the  interval  from  zero  to  l ,  or  the  order  of  change  of 
the  velocity  of  turbulent  motion  over  a  distance  of  the  order  of  l. 

Turbulent  macrostructure  is  described  mainly  by  correlation  functions  of  form 
u 1  (x)u'  (x  +  r) ,  but  microstructure  is  basically  described  b.y  structural  functions  of 

1_w  *  O 

’he  form  |u'(x)-u,(x  +  1)1^.  In  structural  functions  there  are  contained  differences 
between  turbulent  velocities  at  two  points  located  a  distance  l  from  each  other.  All 
eddies  larger  than  l  have  at  these  points  identical  values  of  velocity  and  therefore 
to  not.  give  any  cont  ribution  to  the  structural  funct  ion,  i.e., 
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For  this  reason  values  of  derivatives  of  the  turbulent  parameters  (quantities 

p  p 

of  the  type  (du/dx)  ;  (du/dt)  ,  and  so  forth)  are  also  det  ermined  basically  I  ,\ 
properties  of  the  turbulent  microstructure. 

The  theory  of  A.  N.  Kolmogorov  has  received  at  present  wide  recognition  and 
acceptance,  and  also  certain  experimental  conf irmat ion.  Mathematical  baser,  of  this 
theory  are  presented  in  the  works  [9],  [10],  114). 

§  2.  DESCRIPTION  OF  TURBULENCE  ACCORDING  TO  THE  LAGRANGE  TREATMENT 


The  basis  of  the  theory  of  turbulence  in  the  treatment,  of  Lagrange  is  composed 
of  the  experimental  Gauss  law  of  probability  distribution  of  displacements  of  volumes 
of  the  turbulent  medium  and  Taylor's  equation.  Let  us  dwell  on  this  In  greater  detail. 
Let  us  imagine  a  cold  flow  with  temperature  T^  flowing  with  velocity  v  around  an 
infinitely  long  and  infinitely  thin  filament  heated  to  the  temperature  T^  (Fig.  4.3). 

We  will  direct  axis  x  along  the  flow  and  axis  z  -  along  the  filament.  Instead  of 
temperature,  it  is  also  possible  to  consider  an  impurity  released  in  the  flow, 
intermediate  chemical  reaction  products  on  the  boundary  of  molecular  mixing  of  two 
reacting  gases,  and  so  forth. 


In  the  absence  of  turbulence 

(Re  <  Re  ) ,  behind  the  filament  th<r<‘  will 
HP 

extend  a  heated  layer,  which  widen.-,  with 
increase  of  x  under1  the  action  of  molecular1 
diffusion.  The  temperature  profile  uvr 
the  thickness  of  the  heated  layer  at 
distance  x  from  the  filament  for 

i 

will  be  determined,  as  1.  known,  by  t!.,nn.s '  s 

law: 


Fig.  4.3.  Diffusion  wake  behind  a 
I  inear  source.  Thermal  diffusion 
(diffusion  of  matter)  behind  a  linear 
source  in  a  flow  at  different 
Reynolds  numbers  Re  (along  the 
diameter  of  the  pipe) . 


_ *1 

T-Tt  m  a, 

r»-r»  Vu7* 


(4.1  ) 


where  aQ  —  initial  width  of  the  sheet  (diameter  of  the  filament); 

-2  2Du 

u  ~  v  "  x  —  variance  of  "widening"  of  the  layer  In  the  laminar  flow; 
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^ pj  —  characteristic  wld'h  of  the  "widened  layer"; 

Dy  —  molecular  diffusion  coefl'i  :ient  (coefficient  of  thermal  di‘ fur.ivity) . 
Relationship  (h.12)  is  a  particular  solution  of  the  molecular  diffusion  equation 

9T  ^  Dm  *T 

fc"  » 

We  will  superimpose-  a  field  of  turbulent  velocities  on  the  incident  flow. 
Experiment  shows  that  also  in  this  case  the  profile  of  average  temperatures  satisfies 
the  Gauss  law  with  great  accuracy: 


r.-n  /eft 


—<*•/>  (y). 


which  is  a  particular  solution  of  the  differential  equation 

jr  jpr 

ix  "  X  4m  9y*  ’ 

where  T  —  the  value  of  temperature  at  point  x,  y  of  the  heated  turbulent  wake  after 
the  filament  averaged  over  time  (or  over  z);  in  the  heat.ed  molecular  wake, 
average  and  instantaneous  values  of  T  coincide;  here,  however,  these  are 
different  concepts; 

—2 

Y  —  variance  of  diffusion  in  the  turbulent  flow,  which  includes  molecular 

_ p  _ o 

diffusion  Y  ,  purely  turbulent  transfer  Yu  and  the  mutual  influence  of 
molecular  diffusion  and  turbulence  Yr, 

M  •  * 

o 

Let  us  find  the  variance  of  turbulent  transfer  Y^,  which  determines  the  mean 

O 

square  of  the  displacement  of  a  unit  of  volume  of  liquid  In  the  turbulent  field 
during  the  time  t..  During  that,  time  every  particle  of  the  unit,  volume,  after  leaving 
the  filament,  will  pass  along,  the  flow  over  a  distance  x  =  vt  i  more  exactly  x  - 
=  v  +  v')t,  but,  with  error  not  exceeding  u1  /vc,  it  Is  possible  to  write  the  average 
dl. -.lance  for  the  nssomLly  of  particles),  and  In  direction  y  —  a  distance  equal  to 


■j*  v'(C 


(t)i'  .  Multiplying  both  sides  of  the  last  equality  by  the  quantity 


"Y,]/ dt  =  V  •  ( t  )  mid  bringing  the  constant  v’(t)  under  the  integral  sign,  we  will 
obtain  after  averaging  over  the  assembly  of  particles  leaving  the  filament  the 
well-known  Taylor  equation 


'  lifct  s*  "  - ■ 

r-  -  ■  W  ■  :  -  ,-,y'  • 
.  jk  ,  -rax,  ,, 
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or 
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where 


±*L 

t  m 


i  t 

■  J v1  (/)«'  {t')dt'  -?*  j’ft(t)  dx 


^-*J*«* 


l-f+v.  R(t)-  ’u'"f  +" 


The  correlation  coefficient  R(x)  (or  Rt)  coincides  in  l'orm  with  Euler's 
correlation  coefficient,  which  was  given  above,  but  there  we  took  velocities  at 
different  points  of  space  (different  particles)  at  the  came  moment  or  time  and 
averaged  over  space  (over  time),  and  here  we  take  the  same  particles,  but  at 
different  moments  of  time,  and  averaging  is  conducted  over  an  assembly  particles. 

Taylor's  equation  has  two  limiting  solutions: 

m  — 

?J(x)  «  JEI  for  ,  (lf 


where  rL  —  the  Lagrange  time  scale; 

y^TtmlL  —  the  Lagrange  integral  turbulence  scale  (mixing  Length); 

/^7T-ot  —  turbulent  diffusion  coefficient  (turbulent  transfer 
coefficient). 

From  comparison  of  equation  (4.14)  for  small  diffusion  times  with  the  well-known 
experimental  Gauss  law  of  the  distribution  of  turbulent  velocities,  it  ensues  that 

rW— —=•'  *"  . 

V  *.?* 

where  p(v')dv'  is  the  probability  of  appearance  of  a  value  of  turbulent  velocity  in 
the  interval  from  v'  to  v'  +  dv' . 

It  is  clear  that  the  probability  distribution  of  turbulent  displacements,  of 
volumes  of  liquid  p(yT)  also  satisfy  the  Gauss  law.  For  Large  diffusion  times,  the 
Gauss  law  p(yT)  has  not  yet  seen  proven;  it  is  taken  as.  a  nostulate. 
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The  quantity  Y  ,  ar.d  thus  means  also  the  profile  of  average  temperatures  In  the 

~o 

turbulent  flow,  depends  not  only  on  turbulent  transfer  Y“  and  molecular  diffusion, 

but  also  on  the  mutual  influence  of  these  factors  (turbulence  and  molecular  diffusion) 

This  influence  is  apparently  always  positive:  turbulent  transfer  on  the  average 

increases  molecular  diffusion  (i.e.,  Y?  >7^  +  Y^j).  The  value  Y^  T  «  Y^  -  Y|  -  Yj} 

will  be  called  the  variance  of  accelerated  molecular  diffusion. 

Accelerated  molecular  diffusion  starts  from  the  smallest  scales.  Starting,  from 

time  rj/v,  each  turbulent  vortex  Incident  on  the  heated  layer  of  the  flow,  instead  of 

displacing  it  in  a  transiatory  manner,  rotates  the  element  of  this  layer  about  its 

axis  and  deforms  it  so  that  its  average  instantaneous  width  in  the  direction  of  axis 

y  becomes  noticeably  larger  than  the  value  vn  (see  Pig.  4.3);  this  is  seen  on 

the  average  as  increase  of  molecular  diffusion  in  the  direction  of  axis  y.  With 

increase  of  instantaneous  width  of  the  heated  layer,  larger  and  larger  eddies  can 

enter  it,  thereby  increasing  the  diffusion  rate  inside  the  layer.  The  rate  of 

accelerated  molecular  diffusion  -g  dY^  T/dt  tends  to  a  constant  value,  inasmuch  as 

1  o  IP 

t;  -*  D  =  const  for  t  >  l  /v*  (according  to  experiment)  and  dY^/dt.  -►  DT 

(according  to  the  Taylor  equation  (4.1(3)]. 

For  diffusion  times  smaller  than  i,/v,  molecular  broadening  of  the  heated  layer 

in  the  direction  of  axis  y  remains  practically  the  same  as  without  turbulence:  the 

Influence  of  turbulence  reduces  only  to  the  fact  tnat  the  center  of  a  unit  volume, 

wln.ro  the  heated  layer  is  located,  oscillates  in  time  about  the  axis  x  according  t  o 

the  Gauss  law,  with  variance  Y(j,.  Therefore,  for  these  times,  the  total  variance  of 

diffusion  will  be  approximately  equal  to 

F»a7?+P2  !°r 

For  times  larger  than  t  >  q/v,  an  exact  analytic  expression  for  Y  does  not. 
exist.  There  are  Known  only  a  few  works  [11],  [49]  in  which  there  is  made  an  attempt 
to  estimate  theoretically  and  experimentally  the  effect  of  accelerated  molecular 
diffusion  for  times  of  the  order  of  q/v. 

In  combustion  chambers,  the  level  of  turbulence  is  very  high,  so  that  values  of 

Dt  are  Severn  1  orders  of  magnitude  higher  than  values  of  .  Therefore,  it  is 

~o 

possible  to  disregard  not  only  molecular  diffusion  YT,  but  also  accelerated  molecular 
diffusion  or  compared  to  turbulent  transfer  Y^T  ,i .  e . ,  t.o  consider  that 

(for  t>DJv'*)  at  Z), »  Du.  (*.1*0 
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Using  (4.17)  and  the  Taylor  equation,  we  can  determine  the  parameters  of 
turbulence  in  Lagrange's  treatment  according  to  measurements  of  fields  of  averagt 
temperatures  (concentrations)  benind  a  linear  or  a  point  source  (the  so-called 
diffusion  method  of  determination  of  parameters  of  turbulence,  in  distinction  from 
the  hot-wire  anemometric  method) . 

The  diffusion  method  can  be  used  with  accuracy  sufficient  for  practice  in  the 
case  of  nonuniform  and  anisotropic  turbulence.  Then,  in  relationship  (4.14)  it  is 
necessary  to  substitute  the  intensity  of  transverse  turbulent  pulsations  at  the  point 
of  location  of  the  source,  and  in  relationship  (4.15)  —  the  turbulent  diffusion 
coefficient  (transfer)  DTD  as  a  function  of  x. 

Turbulent  velocity,  mixing  length  l^,  correlation  coefficient,  etc,  measured 
by  the  diffusion  method  are  determined  just  as  the  corresponding  Euler  parameters, 
with  accuracy  up  to  molecular  and  microturbulent  mixing,  by  properties  of  the 
turbulent  macrostructure.  With  the  same  assumption  (Y  «>  “),  it  is  possible  io 
determine  the  field  of  average  temperatures  in  the  zone  of  turbulent  mixing  of 
nonlsothermal  flows,  in  a  turbulent  flame,  etc.,  fields  of  average  turbulent 
velocities  in  the  mixing  zone  of  flows  with  unequal  turbulence,  etc.  In  this  case 
the  entire  problem  is  reduced  to  determine  * ion  of  the  probability  of  appearance  of 
volumes  with  the  given  temperatures  T^  and  Tg  or  velocities  (l/TIr;  \^v?)  at  the 
considered  point. 

The  influence  of  turbulence  on  molecular  diffusion  ~an  be  disregarded  in  the 
examining  of  processes  determined  directly  by  molecular  mixing  (burning  of  drops, 
diffusion  and  homogeneous  reaction  in  burning  layers  of  diffusion  and  homogeneous 
flames,  and  so  forth).  This  influence  can  arbitrarily  be  divided  into  the  influence 
of  large  eddies,  whose  scales  are  larger  than  the  instantaneous  width  of  the  sheet 
(molecular  mixing  layer),  and  the  influence  of  small  eddies,  with  scales  equal  'o  or 
smaller  than  the  instantaneous  width  of  the  sheet.  Large  eddies  Increase  molecular 
diffusion  in  the  direction  of  axis  y  basically  due  to  increase  of  the  number  of 
intersections  of  the  sheet  with  axis  y.  Instantaneous  width  of  the  sheet  in  the 


direction  of  axis  y  is  obtained  to  be  equal  at  certain  moments  not  to  Vrl. 


but  1  o 


tVrl  etc.  (see  Fig.  4.5).  Smaller  eddies  increase  molecular  diffusion 
due  to  acceleration  of  the  exchange  inside  the  sheet  itself,  ani  due  to  rotation  of 
an  element  of  the  sheet  at  an  angle  to  the  axis  y. 


The  roles  of  large  and  small  eddies  In  accelerated  moLecular  diffusion  for 
various  Reynolds  numbers  Re  turn  out  to  be  different.  For  numbers  Re  close  to 
critical,  small  eddies  practically  do  not  exist;  large  eddies  turn  out  to  be 
sufficiently  stable.  The  large  eddies  "roll  up"  the  sheet  on  themselves,  thereby 
increasing  the  average  number  of  its  intersections  with  axis  y,  until  they  are 
extinguished  by  viscosity  (see  Fig.  4.3) •  With  increase  of  Reynolds  number,  the 
rate  of  disintegration  of  large  eddies  into  smaller  one  increases,  which  leads  to 
decrease  of  the  degree  of  curvature  of  the  surface  of  the  sheet  by  big  eddies  and 
to  increase  of  the  role  of  small  eddies. 

For  sufficiently  large  Reynolds  numbers  Re,  the  average  lifetime  of  an  eddy  of  the 
macrostructure  turns  out  to  be  equal  to  This  means  that,  turning  on  the 

length  of  its  radius,  a  large  eddy  is  broken  up  into  a  series  of  small  eddies  before 
it  can  distort  the  surface  of  the  sheet.  The  average  number  of  intersections  of  the 
sheet  with  axis  y  thus  turns  out  to  be  of  the  order  of  unity. 

The  influence  of  turbulence  on  molecular  diffusion  depends  not.  only  on  Reynolds 
number  Re,  but  also  on  the  relationship  between  coefficient  of  molecular  diffusion 
and  kinematic  viscosity.  The  larger  the  coefficient  of  molecular  diffusion  (the 
wider  the  sheet)  and  the  smaller  the  coefficient  of  viscosity  (the  smaller  the 
dimension  of  the  smallest  eddies),  the  greater  will  be  the  microturbulent  diffusion 
of  the  sheet. 

Accelerated  molecular  diffusion  begins  earlier,  the  greater  the  initial  width  o'' 
the  sheet  a0,  and  increases  in  time,  reaching,  as  experiment  shows,  a  limiting  value. 
From  the  point  of  view  of  calculation  of  accelerated  molecular  diffusion,  it  makes 

_p 

no  difference  what  causes  to  increase  —  whether  it  is  increase  of  the  average 
number  of  Intersections  of  the  sheet  with  axis  y,  increase  of  the  average  slope  of 
t lie  sheet  to  axis  y,  or  average  increase  of  thickness  of  the  sheet  by  microturbulent. 
diffusion.  Let  us  note  that  for  large  Reynolds  numbers  Re,  when  there  does  not 
exist,  a  clearly  defined  boundary  of  the  sheet  (see  Fig.  4.3),  these  effects  can  not, 
always  be  separated,  even  in  principle;  i.e.,  the  concept  of  a  boundary  between 
Large-scale  and  small-scale  acceleration  of  molecular  diffusion  for  large  Reynolds 
numbers  Re  is  art  it rary,  and  at  the  existing  level  of  knowledge,  dint ingulshing 
between  these  processes  is  not  necessary.  It  is.  sufficient  to  o;  ernte  with  the 
generalized  concept  of  the  coefficient  of  accelerated  molecular  diffusion: 


On  the  basis  of  the  expressed  physical  and  dimensional  considerations,  lor  tin 
coefficient  of  accelerated  molecular  diffusion  it  is  possible  to  write  the  criteria  L 

equation 


For  sufficiently  large  diffusion  times,  dependence  on  initial  conditions  and 
time  can  be  disregarded,  so  that 

■^i-~(ReO"{-^)".  (4.20) 

where 

Re,— ^  'tj*. 


The  quantity  value  E^>Tean  apparently  be  considered  to  be  completely  equivalent 
to  the  coefficient  of  molecular  diffusion  in  the  first  approximation.  There  exist 
a  number  of  methods  of  experimental  estimate  of  l^ij:  the  Townsend  method  111],  ly 

p 

measurements  of  total  variance  Y  and  variance  of  turbulent  transfer  by  the 
method  of  determination  of  rate  cf  molecular  mixing  according  to  i  he  rate  of 
discoloration  of  a  stream  of  phenolphthalein  containing  acid  In  an  alkali,  etc.  for 
gases  it  is  possible  to  indicate  an  analogous  method,  the  basis  of  which  consl.ts.  of 
the  follov/ing:  A  "cold"  gas  (T^)  containing  uniformly  distributed  vapor  of  Nat  I  Is. 
mixed  with  a  "hot"  gas  of  sufficiently  high  temperature  Tg.  The  dint  ribut  ion  of 
average  Intensity  of  resonant  radiation  over  the  depth  of  the  mixing  zone  is. 
determined  by  a  relationship  analogous  to  the  distribution  of  average  rate  of  heat, 
emission: 

7(jt)  ~  hV'KI),  (.  4 .  2 1 ) 

where  h  —  Planck's  constant; 

v  —  frequency  of  the  radiation. 

The  distribution  of  relative  intensity  over  y  determines  the  scale  YT(t,),  and 
the  integral  of  intensity  (for  known  physical  constants)  determines,  the  scale 
Y||  +  Yu.tj  which  determines  Du  +  DytT. 

All  physical  peculiarities  of  turbulent  diffusion  analyzed  in  on  the  simple 
example  of  a  two-dimensional  problem  (diffusion  behind  a  filament)  .-an  he  general  1, ted 
to  all  other  cases  with  the  help  of  the  differential  equation  of  turbulent,  diffusion. 
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The  equation  of  turbulent  diffusion  can  also  be  obtained  in  the  Euler  treatment  of 


the  process.  In  Euler  coordinates,  in  the  conservation  equation  (temperature,  mass, 
impurity,  and  so  l'orth)  there  are  contained  unknown  correlation  moments  of  the  form 
T'  v' ;  ( c ' v1 ) ,  which  determine  the  average  rate  of  turbulent  transfer.  The  meaning 
of  these  moments  is  clarified  from  direct  comparison  of  the  conservation  equation 
with  the  equation  of  turbulent  diffusion.  It  turns  out  that  the  part  of  the 


temperature  fluctuations  correlating  with  turbulent  velocity  is  equal  to 


(4.22) 


where  Y  is  random  displacement  of  temperature  during  the  time  t. 

This  relationship  coincides  in  form  with  the  known  relation  of  Prandtl,  which 
Is  assumed  at  the  basis  of  the  so-called  semi-empirical  theory  of  turbulence;  but  in 
the  given  case,  this  is  a  strict  analytical  relation.  The  root-mean-square  value  of 
displacement  Is  not  the  mixing  length  of  Prandtl.  At  various  moments  o°  time  It  may 
be  Less  than  or  greater  than  the  scale  of  turbulence.  This  is  not  an  empirical 
coefficient,  since  its  principle  part  is  described  by  the  Taylor  equation. 

Let  us  note  that  the  magnitude  of  temperature  fluctuations  which  correlates, 
with  velocity  is  less  than  the  t.otal  magnitude  of  temperature  fluctuation;;.  If,  for 

Instance,  there  are  mixed  only  two  media  with  temperatures  Tj  and  T?.  then  the 

~  p 

average  temperature  and  magnitude  of  T1  in  the  mixing  zone  is  determined  with 
accuracy  up  to  accelerated  molecular  diffusion  by  relationship  ('.6).  The  mean 
.".quart  of  the  correlating  part  of  the  pulsations  for  a  one-dimenslona L  zone  Is  equal 


7r 


(4.2v) 


In  particular,  in  the  center  of  the  one-dimens  lore.  I  zone  of  turbulent,  mixing  of 


t  Ik  t.wo  media 


r.7T*-2/«. 


The  equation  of  turbulent  diffusion  extends  with  sufficient  logical.  grounds  <o 
the  three-dimensional  case  and  to  the  case  of  nonuniform  and  anisotropic  < urbulenoe 
at  eons.lai.1  or  f.  light  L.v  changing  average  flow  rate  [4],  [  7  ] .  Will  pm  m.  1  n  l  accurac 
it  is  also  possible  to  extend  it  to  the  case  of  flows  with  large  gradients,  of  aver  < 
vcloci  ies.  Experiment  shows  that  with  practical  accuracy  it  is  also  noss.1t  ie  to 
■Otisi.les  tin' 


«  HL 


iul&Lfe . . 


*'  *  '  f'~- 

U*  **y  'VV 

VI  7  ‘  >• 


where  vT  =  l  •  v' ,  by  analogy  with  the  coefficient  of  kinematic  viscosity,  is  *o  1  1  »  ■  i 
the  coefficient  of  turbulent  viscosity. 

This  relationship,  which  was  obtained  for  the  first  t  imc  by  Bousslnesy  and 
later  by  Prandtl  on  the  basis  of  the  physical  model  of  turbulent  transfer  developed 
by  him.  Justifies  itself  in  engineering  calculations  for  problems  involving  a 
turbulent  boundary  layer,  a  submerged  stream,  and  so  forth,  although  it  does  not 
have  the  physical  basis  which  Prandtl  attributed  to  it.  Formulas  (4.24)  can  also  be 
generalized  to  the  case  of  three-dimensional  nonuniformity  of  turbulent  flow. 

§  3.  EXPERIMENTAL  DATA  ON  TURBULENCE 

Turbulence  in  flows  with  large  Reynolds  numbers  Re  possesses  one  general 
remarkable  property,  which  greatly  facilitates  its  study.  This  property  is  self¬ 
similarity  with  respect  to  velocity.  The  earliest  measurements  of  fchubauer,  Uryden, 
Reichardt,  Minskiy  and  others  (1935)  showed  that  intensity  of  turbulence 
for  Re  numbers  of  the  flow  larger  than  10  practically  does  not  depend  on  the 
absolute  value  of  average  flow  velocity.  The  later  and  considerably  improved 
measurements  of  Townsend,  Corrsin,  Uberoi,  Kovazhnyy,  Laurence,  l-aines  arid  Peter,  on 
and  others  in  subsonic  flows,  and  also  numerous  working  measurements  confirmed  this 
result.  Hot-wire  anemometric  and  diffusion  measurements  also  showed  the  Indept  nden 
from  flow  velocity  (more  accurately,  the  independence  from  Reynolds  number  Re)  m' 
such  parameters  Igj  Qj/vj  RE(x/lg)j  Rl(t/T);  E(k*lj,.)  arid  others..  Therefore, 

subsequently,  considering  properties  of  turbulence  at  Reynolds  numbers.  Re  larg<  ■ 
r, 

than  10  ,  it  wilL  not  always  be  stipulated  at  what  flow  velocity  they  are  obtained. 

Pipe  turbulence  of  a  steady  flow.  Steady  flow  in  a  pipe  can  h-  obtained  I  'he 

most  diverse  methods;  therefore,  the  length  of  the  section  of  est.nl  I  I  shment  of 

steady  flow  cati  also  vary  greatly.  By  means  of  creation  of  a  soft  inlet,  of  flow  T  >• 

the  pipe  and  severaL  other  measures,  it  is  possible  to  extend  this,  s.ect  Ion  t  o  vi  me 

noticeably  larger  than  50  caliber  (with  respect  to  diameter  of  pi(o).  Without  tal  li 
special  precautionary  measures,  Nikuradze  observed  full  establishment  of  a  turbulent 
profile  of  average  velocities  over  a  length  equal  to  40d(Re  =  10*  ).  Thi  length  •m. 
be  shortened  by  installation  of  a  turbulizing  grid  at  entrance  trite  the  i  ire;  It  will 
be  shortened  more,  the  larger  the  coefficient  of  turbulent  diffusion  Ivr  i *  I 
grid.  In  combustion  chambers  turbulence  tends  to  a  limiting  value  usual  l,\  not,  fair 
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loIow,  i  ut  from  above,  the  level  of  turbulence  in  the  diffuser  or  from  the  level  of 
turbulence  alter  the  r.  tra  ight  ening  grid  after  the  diffuser.  In  there  cases,  length 
of  section  of  establishment  of  steady  flow  is  determined  according  to  the  data  below 
on  rate  of  attention  of  turbulence  to  be  20-30  caliber  with  respect  to  characteristic 
scale  of  holes  of  the  Grid,  scale  of  vortices  after  the  diffuser,  after  the  elbow  or 
a  connecting  channel,  anti  so  forth.  In  a  steady  flow,  parameters  of  turbulence  do 
not  change  along  the  flow. 

The  character  of  change  of  parameters  of  turbulence  over  the  cross  section  of 
the  flow  is  represented  in  Fig.  4.4  and  4.5  [16],  [22].  From  the  figures  it  is  clear 
that,  on  the  flow  axis  the  intensity  of  the  longitudinal  component  of  turbulence  does 
not  depend  on  Reynolds  number  Re.  With  approach  to  the  wall,  the  intensity  increases 
this  increase  is  greater,  the  smaller  Reynolds  number  Re  is.  At  Reynolds  numbers 
Re  larger  than  10*  ,  t.he  form  of  the  curve  does  not  change  (turbulence  Is  self- 
similar).  The  vertical  component  of  turbulent  velocity  changes  still  less,  arid  on 
the  pipe  axis  coincides  with  the  Horizontal  component,  which  indicates  isotropy  of 
turbulence  on  the  flow  axis. 


Fig.  4.4.  Dist ribut ion  of 
Intensify  of  turbulence  over 
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Fig.  4.5.  Intensity  of  turbulent" 
in  a  boundary  layer  at  x  =  2000  mm 
(data  of  Corrsln). 
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Experimental  material  accumulated  up  to  the  present  time  shows  that  intern- Li  .v 
on  the  pipe  axis  weakly  depends  on  degree  of  roughness  of  the  pipe,  changing  from 
k%  for  the  mirror  surface  of  hydraulic  chutes  to  for  usual  technical  pipes.  These 
values  include  all  hot-wire  anemometric  and  diffusion  measurements  with  their 
systematic  errors.  On  the  flow  axis  }.n  products  of  complete  combustion  (T2  =  2000°h) 
the  value  of  intensity  of  turbulence  is  also  equal  to  [26].  This  magnitude  can  be 
taken  as  the  characteristic  of  intensity  of  turbulence  in  the  central,  part  of  the 
flow. 


Fig.  4.6.  Dependence  of  coefficient  of  turbulent 
diffusion  at  the  flow  axis  on  velocity  and  pipe 
diameter. 

«___ __ —  — 2_  -MMWf,  for  t*>  10'; 

■mm 

- 2 - -t,0«»/_!££_\  l  or  Re  ;  |0’ 

-tr-mm  \»m»/ 


(fornula  of  t»ol  *denbsrg) 


tht.iod  tf 

0 

s 

»./»>•■  a 

t'unventlonal 

resignations 

ntasurement 

VMI 

n* 

o 

•.it 

so« 

20  f  60 

dlft'utlon  at  C0? 

• 

•.it 

ill 

3*4-40 

A 

■ 

•.IS — ».  14 
«.l 

lot 

IM 

•• 

304-40 

)ptic*l“41friis!on 

C 

•J6* 

41 

40 

In  Fig.  4.6  there  is  represented  the  dependence  of  the  coefficient  of  turln  lent 


diffusion  D  at  the  flow  axis  on  flow  velocity  and  pipe  diameter  \'  |.  If  Is  clear 

that  the  coefficient  of  turbulent  diffusion  satisfies  the  condition  <  r  •-<  oniet.  r  l<- 
similarity  and  velocity  similarity,  where 


-2-  «0.0009  v  r  Re  >  10*. 

■£--0018  ^  «-0,05  or  Re>  10*. 


(4.2',) 


_ a 


mm 


It  in  necessary  to  distinguish  the  coefficient  of  turbulent,  diffusion  and  the 
n-alf  of  turbulence  of  Lagrange  from  the  coefficient  of  turbulent  diffusion  Ltp  and 
the  mixing  length  Zp  of  I’randtl,  which  were  calculated  by  Nikuradze  according  to 
experimental  values  of  turbulent  friction  and  the  gradient  of  average  velocities  in 
the  pipe  cross  section,  with  the  help  of  the  hypotheses  of  Prandtl.  Prandtl's 
hypotheses  are  not  applicable  to  turbulence  in  the  central  part  of  the  flow. 

Therefore,  distributions  of  diffusion  coefficient  Dp  and  scale  Zp  over  the  pipe 
cross  section  obtained  by  Nikuradze  are  devoid  of  physical  meaning,  and  contradict 
direct  experiments.  For  instance,  according  to  the  calculations  of  Nikurazde  with 
the  help  of  Prandtl's  hypothesis,  the  coefficient  of  turbulent  diffusion  attains  Its 
maximum  value  in  the  region  of  maximum  gradient  of  average  velocity,  and  tends  to 
zero  with  approach  to  the  flow  axis,  whereas  in  reality  it  practically  does  not 
change  over  the  flow  cross  section.  Turbulent  velocity  and  scale  practically  do  noi 

change  In  the  central  part  of  the  flow,  but  at  walls  of  the  pipe  velocity  increar.es., 

and  the  scale  dee rear.es,  so  that  the  diffusion  coefficient  j/V*  remain 

practically  constant  over  the  cross  section  of  the  pipe.  The  value  Zp  =  0.07  dTp 

nil  e  on  the  flow  axis  obtained  by  Nikuradze  by  means  of  extrapolation,  as  --an  1c  seen 

from  comparison  with  (4.2h),  is  three  times  as  large  as  the  value  of  the  scale  of 
turbulence  of  Lagrange. 

On  the  other  hand,  it  is  interesting  to  note  the  following  curious  fact :  The 
valuf  of  D  obtained  by  Nikuradze  averaged  by  (lol'denberg  [27]  over  the  cross  section 
of  a  pipe  coincides  well  will)  the  above  mentioned  data  of  direct  measurements. 
Averaging  calculations  of  Nikuradze  over  the  cross  section  of  a  pipe,  (lol'denberg 
obtained  the  relationship 
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where  vCp  is  the  average  velocity  over  the  pipe  cross  section. 

Such  coincidence  indirectly  indicates  the  fact  that,  although  calculation:-,  it 
Nikuradze  are  not  correct  in  the  details,  on  the  average  they  give  results  close  to 
correct,  so  that  with  certain  grounds  it  is  possible  to  use  the  first  formula  of 
Gol'denberg  in  the  region  of  small  Re  lolds  numbers  Re,  where  systematic  direct 
measurements  of  the  coefficient  of  turbulent  diffusion  are  not  available. 

It  is  also  interesting  to  compare  the  scale  of  turbulence  with  the  longitudlna 
scale  ij.;  all  the  more  so,  because  in  the  majority  of  investigations  of  turbulence 
there  appears  the  Euler  scale.  Comparisons  of  exact  measurements  behind  grids, 
conducted  by  Taylor  [28]  and  later  by  Townsend  [13],  showed  that  between  there  scaler, 
there  exists  the  approximate  relationship 

ltasO&e,  (4.27) 

i.e.,  the  path  of  transfer  of  particles  of  liquid  by  a  turbulent  vortex  (l^)  is  on 
the  average  twice  as  small  as  the  dimension  of  the  vortex  l^,. 

In  the  foreign  literature,  for  pipe  turbulence  there  is  frequently  used  for 
estimation  the  relationship 

led^—0, 05  <4.28) 

which  with  accuracy  up  to  the  spread  of  values  of  e  from  0.04  to  O.O'i  will  also  agree 
with  the  above  equations  (4.2b)  and  (4.27). 

Turbulence  behind  grids.  The  level  of  turbulence  can  be  greatly  increased  I  . 
installing  a  turbulizing  grid  in  the  flow.  The  turbulizing  grid  is  usually  n  minced 
of  a  row  of  parallel  rods  with  diameter  b  and  with  distance  bet  ween  axes  M  (parallel 
grid);  it  is  also  possible  to  install  two  rows  of  such  rods  one  after  the  other,  such 
that,  the  rods  are  mutually  perpendicular  (orthogonal  grid).  As.  a  grid  there  cm  also 
serve  a  perforated  sheet  of  iron  with  holes  of  diameter  -=M  and  with  distances  I  tween 
holes  of  ~b.  The  ratio  M/b  is  usually  larger  than  3  to  u  (for  small  hydraulic  In  a  si. 

Scales  of  turbulent  motion  and  lengths  on  which  turbulence  is  farmed  are 
determined  to  a  greater  degree  by  dimensions  of  holes  of  the  grid  M,  and  I  lie  ab.  >  ,i. 
level  of  intensity  of  turbulence  is  determined  to  a  greater  degree  by  wldt.l  of  tin 
crosspieces  b.  This  is  a  rough  qualitative  estimate,  since  expirlnent  shows  that  wiM 
eha  ige  of  either  the  value  of  M,  or  the  value  of  b  the  Intensity  and  -cole  of 
turbulence  changes.  In  general,  the  behavior  of  the  intensify  and  .•■ale  or  t  u-i  iien-a 
depends  not  only  on  M  and  b,  but  also  on  parameter:-  of  turbulence  os  i  be  glow  i'l'-ldet  t 
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on  the  cl  J  and  on  the  scale  of  (he  ('Low  (diameter  of  the  )  Lpe)  .  During  invest  igation 
of  the  nature  of  attenuation  of  turbulence,  the  last  two  factors:,  only  complicate  the 
problem.  Therefore,  we  try  to  eliminate  them.  For  thin,  we  extinguish  turbulence 
of  the  incident  flow  and  conduct  measurements  on  the  flow  axis  in  pipes  of  relatively 
large  diameters  (wind  tunnels),  at  absolute  distances  from  the  grid  where  the  inf  luetic1 
of  pipe  walls  does  not  show  up. 

On  turbulence  in  wind  tunnels  there  has  been  accumulated  up  to  now  much 
experimental  material,  which  has  been  reinforced  by  the  theoretical  considerations 
of  a  number  of  authors  (I),  130],  131].  It  turns  out  that  in  a  wind  tunnel,  the 
region  of  variation  of  turbulence  behind  i  he  grid  can  be  conditional  ly  divided  Into 
ihree  sections:  into  the  initial  section  of  formation  of  the  turbulent  field  behind 
the  grid  and  on  the  initial  and  final  sections  of  attenuation  of  the  turbulence. 

The  initial  section  extends  from  the  grid  to  cross  sections  ~('>  to  l.‘.> ) M ,  where 
radient.s  of  average  velocities  after  the  grid  become  practically  equal  to  zero,  i  .!<■ 
arrival  of  energy  from  average  motion  is  practically  ceased,  and  the  field  of  nv>  r.v  c 
and  turbulent  velocities  becomes  constant  over  the  cross  section  of  the  pipe,  lr 
Mils  section,  turbulence  receives  energy  from  the  average  flow  in  layers,  of  maximum 
gradients  of  the  average  velocities,  which  then  is  distributed  by  turbulent  trari.  for 
over  the  entire  flow  cross  section.  Turbulence  in  the  initial  section  Is  not  on  1 . 
nonunlform,  but.  also  anisotropic:  eddies  predominate,  the  scales  and  orientation 
which  are  determined  by  the  geometry  of  the  grid.  For  a  parallel  grid  (axis  y  dl  ■  t  ■ 
along  the  rods.)  fluctuations  of  velocity  in  the  direction  of  axes  x  and  7.  predominate; 
for  an  orthogonal  grid,  fluctuations  of  velocity  in  the  direction  of  axis  x  predat'd  nat 
since  in  this  direction  there  are  added  the  velocities  from  eddies  generated  by  tie 
horizontal  and  vertical  rows  of  rods. 

Toward  the  end  of  the  initial  period,  forces  of  inertia  distribute  turbulent 
niergy  continuously  over  the  spectrum  of  scales,  and  forces  of  pees, sure  —  uniformly 
over  all  directions,  so  that  turbulence  becomes,  as  measurements  show,  isotropic. 

'  i  n  o 

Values,  of  u*'j  v,<:;  w1'  and  values  of  corresponding  correlation  functions  with  rerp<  •> 
l.o  different,  directions  become  identical  for  parallel,  orthogonal  and  other  lattice. 

|  i.  T  'ward  the  end  of  the  initial  section,  supply  of  et  erg.v  from  average  motion  Is. 
•eases,  and  turbu  lence,  "left  to  Itself",  star's  to  attenuate  under  t  h»  action  << 

\  1.  •o.i'.,  forces..  \  lseos.lt  y  forces,  extinguish  turbulent,  vortices  (convert  their 
cne  »'■ Into  font',  .’mail  eddied  ace  the  most  rapidly  <  --I  iugui  shea,  so  that  the  avrng* 


scale  of  turbulent  vortices  increases  on  the  av>  care  with  increase  of  distance  froi 
the  grid  (larger  and  larger  eddies  retrain).  This  process  in  the  initial  section  o' 
attenuation  is  well  described  by  the  theoretical  relationship  (4.8).  If  we  repre/i  pt 

the  law  of  attenuation  of  turbulence  in  the  form 

?*/p  -  S'i/pJ  =  (X  -  X,)”*  (*. I'd) 

(B  is  an  empirical  constant;  xQ  is  an  arbitrary  reference  point;  in  order  of 
magnitude  the  value  of  xQ  coincides  with  the  cross  section  where  the  initial 
formation  section  of  ends),  then  in  virtue  of  equation  (4.19)  change  of  the  scale  of 

turbulence  will  be 

and  change  of  the  coefficient  of  turbulent  diffusion 

(*-*♦)*-*.  (4.50 

Hence,  in  particular,  it  follows  that  the  diffusion  eoef fir* lenl  remains  con.  taut 
with  increase  of  distance  from  the  grid  for  n  1,  Increases  f jp  n  I  and  uecr< uses 

for  n  >  1. 

Experiment  shows  that  in  the  range  of  distances  from  19  to  200  M  there  is 
observed  the  value  n  =  1.  In  the  coordinates  1/e2,  x  experimental  points  fall  oi  a 
straight  line.  With  further  Increase  of  distance  from  the  grin,  the  value  of  n 
changes  from  10/7  (the  Kolmogorov-Frenki  1  law)  to  9/2  (law  of  Ml  I  1  iorishchl  kov- 
Loytsyanskiy )  in  the  final  period  of  attenuation.  In  tie  final  period  of  utt *■  runt  ion 
in  the  turbulent  spectrum,  as  a  result  of  faster  attenuation  of  .'.mail  eddies  lar  • 
eddies  which  depend  on  the  specific  character  of  the  lattice,  start  to  predomlnn 1 ej 
i.e.,  there  is  observed  a  return  of  the  turbulence  to  anisotropy  t  for  Instance,  ' 
an  orthogonal  grid,  for  values  of  x/M  larger  than  200).  The  value  of  u*‘  becorm 
approximately  one  and  a  half  times  as  large  as  the  value  of  v1  i  1 |. 

In  Fig.  4.7  there  are  presented  typical  curves  of  change  of  e  obtained  b.v 
Townsend  and  Stewart  with  an  orthogonal  grid  with  M  =  2'  . 4  run  and  I  4.77  mm,  with 
a  grid  of  parallel  rods  of  rectangular  cross  section  49. t,  x  9,  will)  M  ?0.4  mm 
anil  b  =  9,9  mm.  As.  can  be  seen,  the  grids  were  /.elected  so  that  at  Identical  v.nlu  .■ 
of  M  they  have  values  of  b  increasing  in  the  proportion  1:1,  1:2.  If  we  take  a. 
the  beginning  of  the  Initial  attenuation  section  a  value  of  x()  identical  for  all 
three  grids  and  equal  to  ~1JM  (Fig.  4.7a),  then  all  three  graph.  >  '  ’  h  lnt.cn.  It  <> 
turbulence  are  plotted  in  coordinates  x/b  on  one  dimension less.  rapli  (i  l  .  4.fi'i. 


Thi.  result  indicates  that  the  length  of  t.he  section  of  formation  does  not  depend  on 
'he  dimension  of  the  crosspiece,  whereas  t he  magnitude  of  intensity  depends  only  on 
its  dimension  (for  the  riven  /'rids). 

In  Fir.  4.8  there  ai-e  given  typical  curves  of  change  of  D/v;  l^,;  over  the 
length  of  the  flow.  Data  for  are  constructed  according  to  measurements  of 
Townsend  [11],  which,  as  can  be  seen,  agree  well  with  the  theoretical  formula  (4.30) 
in  the  initial  region  of  attenuation  at  A  *>  0.9?  data  for  lj  are  constructed  according 
to  values  of  DT  measured  by  Townsend  for  an  orthogonal  grid  [2],  In  Fig.  4.8  these 
parameters  are  reconstructed  in  dimensionless  'oordinates  (x  -  XqJ/B. 


Fig.  4.7,  Attenuation  of  intensity  of  turbulence 
behind  a  grid  in  a  wind  tunnel  (data  of  Townsend, 
Batchelor,  Stewart  and  Baines  and  Peterson). 

a)  grid:  (according  to  Townsend,  Batchelor  and 
Stewart) . 

x  —  M  =  29.4  b  =  9l>  mm  (parallel  rods); 

O  —  M  =  2r>.4,  b  =  9.58  mm  (parallel,  bars); 

•  —  M  =  29.4,  b  =  4.77  mm  (orthogonal  grid  of  rods). 

b)  grids  (data  of  Baines  and  Peterson,  Townsend, 
Batchelor  and  Stewart). 

I—  —  —  l.ll |— ~’*i> |  f  (data  of  Baines  and 
lvterson,  b  --  2'  .4  mm,  M  =  5.8;  91}  >-'8;  102;  203  mm); 

*“ (“J®")  (data  of  Townsend,  Batchelor 

a  is  t  St  ewa  )  . 
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Among  investigations  of  turbulence  there  is  no  single  opinion  about  the  beet 
method  of  construction  of  dimensionless  empirical  formulas  by  which  It  would  be 
possible  to  determine  parameters  of  turbulence  for  any  grid  simply,  inasmuch  as  such 
universal  formulas  apparently  do  not  exist.  Therefore,  the  dimensionless  graphs 
shown  in  Fig.  4,8  should  not  be  considered  as  unique  and  universal.  A  number  o'' 
authors,  such  as,  for  example  Batchelor,  Townsend  and  Stewart,  consider  the  decisive 
parameter  to  be  the  dimension  of  the  hole  M,  and  construct  all  curves  in  coordinates 
x/H,  even  if  the  value  of  M  remains  constant,  and  only  the  dimension  of  the 
crosspiece  b  is  changed.  Data  from  the  book  of  Batchelor  [12]  shown  in  Fig.  4.8  are 
constructed  together  with  data  from  a  number  of  other  grids  with  constant  b  and 
variable  M  in  the  coordinates  x/M,  but  for  each  (above  mentioned)  lattice  there  was. 
taken  an  effective  scale,  respectively  equal  to  1;  1.1  and  2.  Other  authors 
(Baines  and  Peterson  and  others)  take  as  the  controlling  scale  the  dimension  of  the 
crosspiece.  In  the  work  of  Baines  and  Peterson  [24]  there  were  measured  parameters 
of  turbulence  mainly  after  grids  with  constant  width  of  the  rods  b  =  23.4  mm  and 
with  dimensions  of  holes  equal  to  38,  51»  68,  102,  and  203  mm  (cross  section  of  'he 

working  part  of  the  pipe  was  1.8  X  1.2  m;  v  =  0.3  to  7.8  m/sec),  and  the  authors, 

prefer  to  construct  empirical  formulas  in  coordinates  x/b  and,  following  the 
theoretical  formula  of  Kolmogorov  and  Frenkil,  also  give,  in  particular,  the  emt  1  *■  i - •  -i 
relationships:  _ 

/TT/p.  1.12 

tg.lt>  -  UeJb  -  <U56  (x/6)'^  ”  (  l'  * ' 

Graphs  of  these  curves  are  given  for  comparison  in  Fig.  4.8.  One  may  r.ee  that 
curves  of  intensity  obtained  by  different  authors  turn  out  to  be  absolutely  dii  vrent 
This  difference  lies  outside  limits  of  accuracy  of  the  measurement;:  and  1:-.  apparently 
explained  by  the  difference  In  type  of  lattice  —  mainly  by  the  difference  between 
absolute  values  of  scales.  In  the  first  case  the  value  of  b  was  varied,  and  the 

range  of  values  of  b  and  M  wan  the  samej  in  second  case,  the  value  of  M  was  varied, 

and  the  ranges  of  values  of  b  and  M  were  absolutely  different.  Curves  of  scale.;  do 
not  coincide  either,  although  the  difference  between  the  curves  lie;;  within  the  I  In  i 
of  accuracy  of  their  measurements. 

How  is  turbulence  after  the  grids  installed  in  technical  pipes  with  high  level 
of  turbulence  changed?  If  the  grid  stands  immediately  after  a  n<  i ■  with  high 
compression  ratio  (ratio  of  average  velocities  v0/v^  equal  to  -4),  then  the  behavior 
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ol'  turbulence  after  It  will  be  analogous  to  that  considered  above,  at  least  up  to 
distances  (of  the  order  of  20-30  M) ,  at  which  the  Intensity  of  turbulence  after  the 
grid  is  higher  than  the  intensity  in  the  pipe  (Fig.  4.9).  If  the  diffusion  coefficient 
after  the  grid  then  is  much  less  than  the  diffusion  coefficient  of  pipe  turbulence, 
then  the  considered  grid  cannot  accelerate  the  process  of  restoration  of  the  leve  L 
of  pipe  turbulence  very  much  (after  the  nozzle),  so  that  the  intensity  of  turbulence 
will  reach  some  minimum  value  (noticeably  less  than  rj%)  at  distances  larger  than 
20-yu  M,  after  which  it  will  again  begin  to  increase  to  the  level  of  pipe  turbulence. 


Fig.  4.8.  Change  of  diffusion  coefficient 
and  scales  after  grids  in  a  wind  tunnel. 

a)  grid  (data  ol'  Townsend  and  Batchelor) 

M  =  29.4  mm; 

b  =  4.77, 


®  -  Z£v  =  13  m/sec; 

X  -  l^y  =  13  m/sec; 

b)  grid  (data  of  Baines  and  Peterson), 


and 


b 

grid 


x  -  xn  , 

0.1  lj(>  ■  ^  ■  ‘'’(curve  1); 
(data  of  Batchelor  and  Townsend) 


X 


-*U 


(curv<  2). 


For  a  diffusion  coefficient  of  the  grid  equal  to  or  greater  than  the  diffusion 
coefficient  of  the  pipe  turbulence,  the  length  of  the  section  of  formation  of  i  Li  > 
turbulence  will  be  much  shorter  than  without  the  grid,  so  that  in  the  limit,  t  uri-u  leimo 
after  the  grid  at  distances  of  20-J0  M  attains  the  level  of  pipe  turbulence,  after 
which  it  remains  constant.  In  the  case  of  combustion  chambers,  the  grid  is  usually 
placed  where  the  turbulence  before  it  in  either  practically  equal  to  pipe  turbulence 
(after  the  connecting  channel),  or  higher  (after  the  diffuser,  bend,  etc.).  Under 
these  conditions,  the  grid  also  can  be  used  to  generate  turbulence  under  the  condition 
that  it  give  diffusion  coefficient  a  larger  than  in  the  incident  flow.  Experiment 
shows  that  for  this  the  grid  should  have  a  relatively  large  coefficient  (b/M  ~  1) 
and  relatively  large  absolute  values  of  scales  M  and  b. 


•  Kt  JIM  W  Mi  300  Jc, 

Fig.  **.9.  Change  of  intensity  of 
turbulence  after  grids  in  an  open  flow. 

O  —  without  grid  dTp  =  200  mm; 

A  —  grid  M  =  b  =  6  mm; 

•  —  grid  M  =  b  =  12  mm; 

—  grid  M  =  b  =  18  mm; 

IJ  —  grid  of  swirl  vanes. 


In  Figs.  4.8-4.12,  for  example,  there  are  given  data  on  e,  D/v  and  l ^  for  a 
eerie."  of  eu^h  gride.  Three  grid."  are  perforated  sheets  of  iron  with  diameters  of 
holes  respectively  equal  to  M  =  6,  12,  and  lo  mm.  Holes  were  drilled  so  that  between 
them  there  were  located  blanketed  areas  of  approximately  the  same  characteristic 
dimensions  b  =  6,  12,  and  18  mm.  Such  grids  can  be  considered  as  analogs  of  a  fue ' 
manifold  with  injectors  in  blanketed  areas,  as  an  analog  of  a  group  of  stabilizers 
uniformly  locsfed  over  the  cross  section  of  the  pipe,  and  so  forth.  The  fourth  grid 
is  a  group  of  seven  swirl  vanes,  filling  the  entire  cross  section  of  the  pipe  (nee 
Fig.  4.10).  The  blade  length  of  the  swirl  vane  is  equal  to  dTp/6.  Grids  were 
located  in  a  200  mm  pipe  with  well-developed  pipe  turbulence.  Measurements  were 
conducted  at  the  end  of  the  pipe. 


In  Fig.  4.9  for  comparison  there  is  also  given  the  distribution  of  intensity 
of  turbulence  on  the  axis  of  a  pipe  without  a  grid.  It  is  clear  that  the  core  of 
constant  turbulent  velocity  is  considerably  shorter  than  the  core  of  average 
velocities  (see  also  Fig.  4.13).  Turbulence  generating  grids  very  slightly  shorten 
the  length  of  the  core:  growth  of  turbulent  velocity  is  observed  at  practically  tin 
same  relative  distance  (2-l.bd^),  but  at  correspondingly  higher  absolute  value:;  of 
turbulent  velocity. 

The  first  turbulence  generating  grid  (b  a  M  ~  6  mm)  does  not  create  additional 
irtulence;  it  even  plays  the  role  of  a  t.urbuJ ence-at  1  enuatlng  grid;  the  diffusion 
’oefficlent  after  this  grid  is  somewhat  lower  than  the  turbulent  diffusion 
■■oeffieient  of  a  flow  without  the  grid;  this  shows  up  in  the  slower  rate  of  inert aso 
of  turbulent  velocity  (in  the  case  of  t.hc  grid)  outside  of  the  core  (see  Fig.  4.  •)  . 
Tin  second  grid  gives  higher  intensity,  but  at  absolute  dlstan  -e.  larger  than  ?'  u  is 
It  practical  l.v  has  no  influence;  more  exactly,  its  influence  due  to  eyres..”,  hydrau  I  ' 
losses  will  it  only  negative.  The  third  and  fourth  grids,  considerably  increase  Mi" 
Intensity  o-'  ‘le-iulenu.’  above  tin  ' level  of  i  it  e  t  u  rl  u  1  i'iri  ,  tig  m-uln  at  list 
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smaller  than  20  calibers  with  respect  to  the  characteristic  dimension  or  'he  t'ri i. 


Fig.  4.11.  Change  of  coefficient  of 

diffusion  after  strongly  turbulizlng 

grids  in  technical  pipes. 

1  —  grid  of  swirl  vanes,  dTp  =  141 2 * 4 5'  mm; 

2  —  grid  of  swirl  vanes,  dTp  ~  100  mm; 

J>  —  grid  M  =  b  =  18  mm,  dTp  --  200  mm; 

4  —  grid  M  =  b  =  12  mm,  dTp  =  200  mm; 

5  —  without  grid,  i  =  200  nun. 

Let  us  note  a  number  of  other  peculiarities  of  t  urbulence  which  are  charact 

for  grids  set  in  a  flow  with  high  initial  level  of  turbulence.  The  absolute  vu 1  **  o 
intensity  of  turbulence  after  the  grid  will  be  obtained  to  be  higher,  the  Ian  ••  1  h« 
diameter  of  the  pipe.  The  same  grid  in  a  pipe  with  very  Large  diameter  act.;  as  an 
attenuating  grid  with  respect  to  the  large-scale  turbulence  of  t  lit  incident,  flow  t 
as  a  turbulence  generator  in  a  pipe  with  small  diameter.  The  three  first  grids 
(L>  M;  6,  12,  and  18  mm),  which  were  set  In  pipe  wl'lt  diameter  o''  LoO  mm,  gave 
at  the  same  absolute  distances  a  not  treat  ly  larger  vain*  of  Intensity  o’  1  irfulenc* 
than  in  a  pipe  with  diameter  of  200  mm.  If  the  grid  Is  placed  aft*  r  t h<  ii  'fuser, 
then  It  breaks  up  large  eddies,  appearing  in  the  diffuser  into  s  In  *  ties  (of  t h* 
order  of  M) .  Then,  Immediate!.',  aft  •  r  '  it*  •  grid,  to*.  In'  •  tisii ..  o:  t  u*i  .  I  "  a.  I  * 
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higher  than  without  the  grid,  but  it  ./ill  be  concentrated  in  smaller  scales  and 
therefore  will  attenuate  at  closer  absolute  distances  (20  M) . 

Large-scale,  intense  eddies  after  the  diffuser  play  a  negative  role  in  the 
process  of  burning,  decreasing  stability  and  uniformity  of  burning,  rather  than  a 
positive  role,  increasing  rate  of  combustion;  therefore,  installation  of  a  grid  with 

sufficiently  small  flow  friction  is 
usually  expedient.  In  this  case  the  grid 
plays  the  role  of  a  flow  straightener . 

Let  us  note  that  turbulence  after  the 
grid  depends  on  turbulence  of  the  incinent. 
flow  more  weakly,  the  greater  the  height 
of  channels  of  holes  of  the  grid.  The 
grid  completely  destroys  all  eddies  of 
turbulence  of  the  incident  flow  if  the 
time  of  passage  of  flow  through  the  grid 
is  equal  to  or  larger  than  the  time  scale 
of  this  turbulence  (Ie/V  «'*>• 

The  rate  of  attenuation  of  intensity 
of  turbulence  obeys  a  linear  law  of 
attenuation  (the  value  of  n  in  formula 
(4.29)  is  equal  to  unity)  practical  l.y 
until  the  moment  when  it  reaches  the 
average  level  of  intensity  of  turbulei  ■< 
in  the  pipe,  after  which  it  remains  constant,  or  until  it  attains  its  least  value  at 
the  boundary  of  the  core  of  constant  turbulence  in  an  open  flow  after  which  it  starts 
to  increase  (in  a  submerged  stream).  In  Fig,  4.14  there  are  given  typical  curve.-,  of 
change  of  intensity  of  turbulence  after  the  third  and  fourth  grids  in  a  pipe  with 
diameter  of  200  mm  and  after  the  third  grid  in  a  pipe  with  diameter  of  100  mm.  In 

O 

coordinates  1/e  and  x,  all  experimental  points  obtained  within  the  bounds  of  the 
core  of  turbulent  velocities  fall  on  straight  lines.  The  value  of  x(J  turns  out.  to 
be  identical  for  all  grids,  of  the  most  diverse  types  (including  others  not  shown  in 
tig.  4.14),  and  to  be  equal  to  xQ  =  80  mm  (2-4  H)  at  v  =  20  to  Go  m/sec,  d^  = 

=  100  to  200  mm. 


pipes. 


—  grid 

of 

swirl 

vanes. 

dTp 

= 

145 

mm; 

—  'rid 

of 

swirl 

vanes. 

dTp 

= 

100 

mm; 

—  grid 

M  = 

:  L  = 

18  mm. 

dTp 

ES 

200 

mm; 

-  grid 

M  = 

b  = 

12  mm. 

d  Tp 

5= 

200 

mm; 

—  without 

grid. 

dTp  = 

200  mm. 
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Fig.  4.13.  Turbulent  characteristics  of  flow  over  the 
cross  section  and  axis  of  a  stream,  a)  distribution  of 
turbulence  and  average  velocity  over  the  cross  sect  ion 
of  a  stream  (data  of  Laurence). 

He  =  1.Q2.  lo‘J  -  7.2WO-’;  M  =  0.2  t  o  0.7,  d_^  -HO  nun; 


From  comparison  of  the  given  data  with  data  of  Batchelor  and  Townsend  and  with 


data  of  Baines  and  Peterson,  it  is  clear  that  the  ranker,  of  variation  of  absolute 
distances  from  the  grids  are  absolutely  different  in  all  cases:  measurements  of 
parameters  of  turbulence  in  wind  tunnels  are  usually  conducted  at  absolute  distances 
at  whi  h  the  level  of  turbulence  is  already  known  to  be  constant  in  technical  pipes. 
Therefore  dimensionless  graphs  and  empirical  formulas  obtained  under  different 
conditions  usually  do  not  coincide.  For  estimation  of  the  value  of  intensity  of 
turbulence  in  every  specific  case,  one  should  take  data  obtained  under  conditions 
which  are  as  close  as  possible  to  the  considered  case. 


Fig.  4.1^.  Law  of  attenuation  of  turbulence 
after  strongly  turbulizing  grids  in  technical 
pipes. 


Latt Ices 


•  —  M  =  b  =  18  mm;  dT^  =  200  mm, 
O  —  M  =  b  =  18  mm;  dTp  =  100  mm, 
□  —  grid  of  swirl  vanes. 


The  charai  i eristic  growth  of  the  scale  of  turbulence  after  grids  in  technical 
piper  Is  observed  only  at  relatively  short  distances  from  the  grid  (<10  M);  at  larger 
distances,  the  scale  of  turbulence  decreases,  and  at  distances  larger  than  20-^0  M 
practically  attains  the  magnitude  of  the  scale  of  pipe  turbulence,  after  which  It 
remains  constant,  (see  Fig.  ^.12).  If  Lite  initial  scale  of  turbulence  Is  much  larger 
than  tin  scale  of  pipe  turbulence,  as  for  Instance  after  a  grid  composed  of  seven 
swirl  vanes  for  pipes  of  diameter  100,  1*10-200  mm,  then  t.he  section  of  growth  of 
scale  almost  does  not  exist:  the  scale  immediately  mono l onical  ly  tends  to  the  seal*' 


fact  that  eddies  with  dimensions  much  larger  than  the  scale  of  pipe  turbulence  cannot 
exist  for  a  long  time  in  the  given  pipe;  as  a  result  of  this  the  integral  scale  of 
turbulence  approaches  its  limit  —  the  scale  of  pipe  turbulence  (from  below  —  due  to 
faster  damping  of  small  eddies,  and  from  above  —  due  to  faster  damping  of  smaLJ  eddlo 
much  larger  than  this  limit). 

The  diameter  of  the  pipe  also  affects  absolute  values  of  scales  of  turbulence, 
if  the  latter  are  much  larger  than  the  scale  of  pipe  turbulence.  For  instance,  f  r 
a  grid  of  swirl  vanes  set  In  pipes  with  diameter  of  200,  146  and  100  mm,  the  seals 
decreases  not  proportionally  to  /ET",  according  to  the  formula  (*'1.32),  but  proportion- 

p 

ally  to  b  ~  b*dj.p(b  ~  djp  is  the  dimension  of  the  blade).  Fy  measurements  of  the 
intensity  of  turbulence  and  diffusion  coefficient.  It  is  also  possible  to  calculate 
other  parameters  of  turbulence,  such  as  the  Lagrange  scale  of  turbulence,  the  rate 
of  dissipation  of  turbulence,  the  Kolmogorov  scale,  and  so  forth.  An  example  of 
such  calculation  for  a  grid  (M  =»  b  =  18  mm)  in  a  pipe  with  diameter  of  100  MM  is 
given  in  Table  4.1.  The  value  of  D/v  is  arbitrarily  taken  to  be  constant  for  all 
distances  from  the  grid,  although  it  in  reality  decreases  with  increase  of  >:  within 
the  bounds  of  the  core  of  turbulence  in  an  open  flow,  and  increases,  outside  of  'll" 
core. 


Table  4.1.  Parameters  of  Turbulence  after  Grid 

e-2  =*  1.7;  (j|  -  4);  M  »  b  *  18  mm,  7>  0.16  cm^/see :  d  -  100  mm 


x  iriin 

e  % 

| 

7  mm 

Z^  min 

E 

2 ,  3 

cm  /sec 

7)  trim 

V  m/s.ec 

D 

• 

122 

17  to  18 

0.6 

3.6 

8-107 

0 .  o 

20 

8lo 

172 

11.6 

0.6 

6.3 

11- 10( 

o.o4 

2u 

810 

344 

6.6 

0.6 

9.4 

2'  10° 

0.10 

20 

810 

122 

17  to  18 

0.6 

3.6 

22- 10  8 

O.Ol 

l  o 

24  3U 

172 

11.0 

0.6 

6.3 

4 ,y  lo8 

0.02 

1  0 

24 

344 

6.6 

0.6 

9.4 

[ .  4 • l o7 

c 

c 

<  :  i 

24  '<1 

Turbulence  after  a  bluff  body  (stabiliser).  In  a  boundary  layer  and  in  a 
submerged  stream.  Proper' ies  of  this  turbulence  for  a  long  t  i m •  n  not  in.i  s.i  1  n'i 
in  detail  (there  were  measured  only  fields  of  average  paraim-t  e  r  -  of  tin  ■' i  >w: 
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velocities,  temperatures  and  so  forth).  In  recent  years,  thanks  to  progress  in  the 
region  of  hot-wire  anemometry,  there  has  appeared  a  series  of  works  (of  Townsend  [12] 
Corrsin  [21],  Laurence  [23]  arid  others)  which  has  provided  a  beginning  for  such 
investigations.  According  to  results  of  these  works  in  all  three  cases,  which  are 
different  at  first  glance,  the  structure  of  turbulence  turns  out  to  be  identical. 

In  the  wake  after  a  stabilizer,  in  a  boundary  ’ayer  and  in  a  stream  there  will  be 
formed  a  region  of  increased  turbulence  separated  from  the  nonturbulent  (potential) 
part  of  the  flow  by  quite  a  sharp  boundary  —  a  laminar  superlayer  (Fig.  4.15).  The 
surface  of  this  boundary  is  distorted  by  the  action  of  large,  slow,  anisotropic 
eddies  (with  orientation  determined  by  the  geometry  of  the  problem)  and  mover,  toward 
the  nonturbulent.  part  of  the  flow,  so  that  average  width  of  the  turbulent  region 
increases  downstream  along  the  flow. 


WMI« 


S8&  ■ 


met* 
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RF&2-V. 
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Fig.  4 .  .15,  Three  forms  of  turbulence,  a)  turbulent  boundary 
layer  on  a  plate  (data  of  Corrsin);  b)  plane  turbulent  wake 
(uata  of  Townsend);  c)  turbulent  stream  (data  of  Corrsin). 


The  region  of  increased  turbulence  can  be  represented  with  practical  accuracy 
ns  ;i  n  loti  of  isoi  ropic  turbulence,  which  is  homogeneous  over  the  cross  section  of 
the  wake  (  layer)  and  which  satisfies  the  condition  of  Kolmogorov's  theory.  Variation 
of  parameters  of  turbulence  become  considerable  only  In  direct  proximity  to  the  lr,ti«  r 
1  ottu.lag.  (wall)  or  to  the  outer  boundag,  (laminar  super  layer)  of  this,  region,  slri-e 
•act  l,.  a'  !  h<  wall  and  outside  of  the  surface  of  the  .utter  I  aye  r,  turbulent 


suasion  & 


'4 


*  k' 

vi-v.  .p*/ 


i\ 


.  :i"  * 


fc^X'H'r  . 

- 

HR- 


pulsations  are  equal  to  zero.  The  average  (In  time)  value  of  a  given  parameter  of 
turbulence  measured  at  a  fixed  point  of  the  wake  (layer,  stream)  Is  composed  of 
values  of  the  parameter  from  the  region  of  Increased  turbulence  at  this  point  and 
values  of  the  nonturbulent  region;  i.e.,  it  is  possible  to  write 

■  *— «Tt+(I— t)5S\ 

7*-Vt+U-t)W. 

is  — j(iw),=  —  T-ay/  JJ1  *Y  —  af u'5 (a ^ 0,4) 

etc.. 


,  .  I  —  I  —Vf 

where  T(*i  |;—*T - —  — —  •  etc.,  is  the  probability  of  appearance  of  a 

*l  -•*  *l  -°J 

turbulent  region. 

Subscript  "l"  denotes  parameters  measured  only  in  the  turbulent  region; 
subscript  "2"  denotes  parameters  measured  in  the  nonturbulent  region  (in  the  incident 
flow),  if  they  are  large. 

In  ^he  above  cited  works,  function  -y(x;  y)  is  called  "discontinuity  factor" 
or  "intermittence" .  The  probability  of  appearance  of  a  turbulent  region  at  the 
considered  point  is  well  described  by  Gauss's  law.  Analytic  expressions  y(x;  ,v )  In 
all  three  cases  will  be  analogous  to  the  below  considered  expression;,  of  physical 
completeness  of  combustion  P2(x;  y)  in  a  turbulent  flame,  but  valuer,  of  the  average 
boundary  of  the  turbulent  region  a(x)  and  root-mean-square  deviation  of  the 
Instantaneous  boundaries  of  region  o(x)  from  the  mean  in  this  case  will  be  differ  nl  . 
The  average  width  of  the  layer  (wake,  stream)  Is  determined  by  the  uverage  velocity 


of  displacement  of  the  surface  of  the  superlay  jr  through  the  nonturbulent  medium. 
The  value  of  root-mean-square  deviations  of  the  surface  of  the  superl.ayer  Is 
determined  mainly  by  turbulent  diffusion  (transfer)  of  large  eddies,  which  distort 
this  surface.  On  the  basis  of  dimensional  considerations.  It  is  possible  to  derl  c 
a  formula  which  determines  the  value  of  average  rate  of  Increase  of  'he  quant  It.;  ri 
with  accuracy  up  to  an  empirical  constant,  and  also  to  obtain  a  relation  for  n(x) 
analogous  to  Taylor's  formula  (4.13).  However,  within  the  scope  of  the  present 
work,  it  is  most  convenient  to  give  simply  a  final  empirical  expression  for  these 
values  according  to  the  above  cited  authors. 

For  the  boundary  layer  of  a  rough  wall  (data  of  Corrsin  [21]  In  the  region  of 
measurements  0  ?  x  =  5000  mm,  xQ  =  mm),  we  have  an  averagt  'sickness  of  the 

turbulent  layer  a  =  0.464  (•••  -  ••  )c  ,l  m  =  .064 1  (.  -  :•:  )'  thickness  of 
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0  6 1  * 

th<-  boundary  layer  o  -  O.071  x  (x  -  xQ)  *  nun;  displacement  thickness  of  6  - 

=  0.41  )  (x  -  x0)0*(j1  mm. 

for  a  round  stream  (data  ol'  Corrsin  (21]  in  the  region  of  measurements 
20  5  x/d  5  80),  we  have 

2r|/1/rf-0.193  (x/d— 3). 

Here  r  /o  is  the  radius  of  the  stream,  where  v  =  0.9  v_  ; 

/2  max 

2  a/d  =  0.326  (x/d  -  3)°*95; 

2  )/<l  =  0.084 3  (x/d  -  3). 

For  determination  of  the  turbulent  wake  (data  of  Townsend  (12]  in  the  region  of 
measurements  600  s  x/d  s  1000),  we  have 

a/d -0,35  (jr/d — 90) M; 
jA/t/d-0,217  (x/d— 90) w, 

where  is  the  ordinate  at  v^  -  “  =  1/2  (vq  -  Vm^n) ,  a/d  =  0.133  (x/d  -  96)°*  . 

In  Fig.  4.13,  4.16  and  4,17  there  are  given  typical  distributions  of  intensity 
and  scale  of  turbulence  over  x  and  y  in  the  boundary  layer,  in  a  wake  and  in  a  stream 

Turbulence  during  deformation  of  the  flow.  If  the  rate  of  deformation  Is 
sufficiently  great:  i.e,,  the  time  of  passage  of  the  flow  through  the  section  of 
deformation  (Vit ashinskiy  nozzle,  diffuser,  and  so  forth)  is  less  than  the  time  of 
existence  of  eddies,  then  change  of  turbulence  during  deformation  is  sufficient  ly 
accurately  described  by  a  simple  physical  model,  which  was  given  for  the  first  time 
b.v  I’randtl.  An  arbitrary  spherical  volume  in  a  flow  before  a  nozzle  with 
cquiprobable  (isotropic)  orientation  of  eddies  in  all  directions  in  the  nozzle  is 
deformed  into  an  ellipsoid,  entended  along  the  central  stream  filament  of  the  current 
With  such  deformation,  the  average  radius  of  twist  of  eddies  along  a  stream  filament 
of  the  current,  and  this  means  the  average  longitudinal  scale  of  turbulence,  ly 
increases,  and  in  the  transverse  direction  decreases.  Thus,  in  virtue  of  the  law 
of  conservation  of  momentum,  the  momentum  of  the  longitudinal  pulsations  of  velocity 
(along  the  average  flow)  decrease,  and  transverse  fluctuations  increase.  A  solution 
of  such  a  problem  In  the  linear  formulation  was  given  for  the  first  time  by 
I-atchelor  (1],  In  Fig.  *1,18  there  are  given  numerical  results  of  this  solution. 

For  contraction  coefficients  Vg/v^  =  F  j/Fg  greeter  the"  unity,  Katchelor  gives.  In 
particular  the  simple  working  formulas 


Fig.  4.16.  Change  of  turbulent  character¬ 
istics  over  the  cross  section  and  the  axis 
of  the  wake. 

a)  change  of  turbulent  energy  and  scales  of 
turbulence  over  th<  cross  section  of  a 

wake  (data  of  Townsend),  Re^  =  8400, 

f  *=  1(j°)- 
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b)  change  of  turbulent  velocity  along  the 
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Fig.  4.17,  Distribution  of  scales 
of  turbulence  alone  the  axis  of  a 
stream  (a)  and  over  cross  sections 
of  a  stream  (b)  data  of  Laurence; 
dTp  =  ti'J  mm). 

Alone  the  axis  of  the  streams 

#—  hot-wire  anemometer  with  one 
fi lament; 

0  —  hot.-wlre  anemometer  with  two 
filaments; 

A  —  calculation  according  to  the 
spent  rum. 

Over  cross  sections  of  the  stream: 

■  —  x/?  -  1.14, 

•  -  x/2  -  2.29, 

A  -  x/2  =  4.98, 

■  —  x/2  -  7 .80, 

/  -  x/2  =  1  .0, 

\  -  x/2  =  12, 

J  —  x/2  -  IF 
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Fig.  4.  18.  Behavior  of  turbulence 
during  symmetric  deformation  of  a 
flow  (a)  and  during  passage  through 
an  attenuating  grid  (b). 

•  —  M  =  9.08  cm \ 

O  -  M  =  2.94  cm  f 11 

+  -  M  =  9.08  cm  ) 

I J  —  M  =  29.4  cm  fv 


Ouch  a  solution  does  not  take  In t  o 
account  the  actions  of  forces  of  inert  1- 
pressure,  viscosity  and  the  finite  rate 
of  deformation.  The  action  of  these 
forces  leads  to  a  situation  in  which 
transverse  pulsations  Increase  less  that 
is  shown  in  Fig.  4.18a,  since  they 
succeed  in  t  rans.ml  t.t.ing  part  of  their 
energy  to  longitudinal  pulsations;  In’ 
part  of  their  •  *hm-  -  will  !•  •<iii',rr1.eu 
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by  viscosity  into  heat  (transverse  scales  decrease  during  'ompresslon,  so  that  tip 
action  of  viscosity  on  them  increases).  Longitudinal  pulsations,  obtaining  en«uvy 
from  transverse  pulsations,  decrease  less  than  is  shown  in  Fig.  4.18a.  The  lnflmn  i 
of  forces  of  inertia,  pressure  and  viscosity  will  be  more  noticeable,  t  he  less  the 
rate  of  deformation  is.  Therefore,  the  degree  of  anisotropy  of  turbulence  after  the 

nozzle  turns  out  to  be  less  than  follows  from  the  theory.  The  behavior  of  the  total 

o  *  2  ~  2 

magnitude  of  turbulent  energy  (u'~  +  v*  +  w1  )  is  prescribed  by  the  theory  much 

more  exactly. 

In  spite  of  the  growth  of  the  absolute  value  of  transverse  pulsations,  their 
relative  magnitude  (intensity  of  turbulence)  decreases  in  inverse  proportion  to  ihe 
square  root  of  contraction  coefficient,  and  intensity  of  the  longitudinal  pulsations 
decreases  to  a  3till  greater  degree  [see  expression  (3.45)].  This  peculiarity  is 
utilized  in  practice  with  the  use  of  a  nozzle  for  the  extinguishing  of  turbulence. 

The  behavior  of  turbulence  in  a  diff  ser  with  small  opening  angles  of  the  diffuse 
is  approximately  the  reverse  (the  at  >ve  mentioned  results  are  reversible).  At  large 
opening  angles,  flow  in  the  diffuser  turns  out  to  be  unstable:  there  occurs 
separation  of  flow,  with  formation  of  intense,  large  eddies,  both  these  effects 
(deformation  and  flow  separation)  lead  to  a  case  in  which  the  intensity  of  turbulence 
strongly  increases  along  the  diffuser. 

Turbulence  after  grids.  Characteristic  scales  of  grids  (dimensions  of  rods  and 
mesh)  are  usually  much  smaller  than  scales  of  turbulence  of  the  incident,  flow; 
therefore,  they  do  not  have  essential  significance.  Controlling  parameters  of  the 

i  2 

grids  are  the  hydraulic  loss  coefficient  %  =  Ap/^pv  and  the  deviation  rat  lo,  which 
is  defined  as  <p  =  k(ot)  (a  and  <p  are  angles  between  the  normal  to  the  grid  and  t  In 
directions  of  flow  before  and  after  passage  through  the  grid).  According  to  data  of 
Gchubauer  and  Klebanov  [2],  for  grids  of  different  constructions  and  small  values,  of 
Initial  angle  of  inclination  u  there  exists  the  approximate  empirical,  equality 

«■_  1.1 

y~i  •  ) 

so  that  the  one  parameter  £  is  essentially  Initial. 

In  Fig.  4.18b  there  are  g,lven  results  of  batchelor's  solution  of  the  problem 
of  extinguishing  turbulence  by  a  grid  ..nd  experimental  data  of  Townsend  on 
extinguishing  turbulence  by  a  grid  after  two  turbulizing  grids,  it  is.  -lear  i  has 
Longitudinal  pulsations  of  velocity  are  extinguished  by  the  grid  more  rongl.y  than 
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transverse  pulsations.  The  theory,  as  in  the  preceding  cane,  doer  not  take  into 
account  the  effect  of  forces  of  inertia  and  pressure;  therefore,  in  reality 
transverse  pulsations  are  obtained  to  Lie  somewhat  smaller,  but  longitudinal 
pulsations  are  obtained  to  be  somewhat  larger  (due  to  the  effect  of  pressure  forces); 
change  of  total  turbulent  energy,  as  can  be  seen  from  the  results  given  in  Fig.  4.18b, 
is  sufficiently  accurately  described  by  the  theory. 

Dependence  of  turbulence  on  pressure.  This  dependence  is  necessary  to  the 
designer  for  correct  estimation  of  the  influence  of  turbulence  during  the  operation 
of  eomLustion  chambers  at  various  altitudes.  Nevertheless,  the  total  number  of 
works  dedicated  to  this  question  at  present  is  relatively  small,  which  is  apparently 
explained  by  the  great  methodological  difficulties  of  measurement  of  parameters  of 
turbulence  in  pressure  chambers. 

The  first  measurements  showed  that  the  rate  ol‘  turbulent,  combustion  decreases 
wit  h  fall  of  pressure.  In  the  work  of  Khramtsov  [49],  considerable  attention  war. 
paid  to  detailed  measurement  of  parameters  of  turbulence  at  various  pressures.  With 
the  help  of  the  optical-dif fusion  method,  there  were  measured  turbulent,  velocity 

diffusion  coefficient  D  and  the  scale  of  turbulence  derived  from  them  in 
the  range  of  pressures  from  0.6-0. 1  atm  (abs.).  Diffusion  parameters  of  turbulence 
are  of  the  greatest  interest  for  appraisal  of  burning  in  combustion  chambers;  Ur  ir 
measurement,  furthermore,  depends  to  a  lesser  degree  on  methodological  errors 
depending  on  pressure;  therefore,  it  is  expedient  to  give  the  basic  results  of  ihe.-e 
measurements  (Fig.  4.19).  From  Fig.  4.19  it  is  clear  that  turbulent  velocity  and 
diffusion  coefficient  change  proportionally  to  pressure  taken  to  an  identical  pow  r, 
equal  to  0.54.  This  is  more  strongly  than  according  to  hot-wire  anemometric 
measurements. 

The  scale  of  turbulence,  according  to  experiments  of  Khramtsov  [49],  remain'  i 
practically  constant;  the  same  result  is  obtained  in  the  work  of  Laurence  [25]  by 

variation  of  the  average  flow  velocity,  but  within  the  same  range  of  change  of 

u  r. 

Reynolds  number  Re  (1.9*10'  to  (.5*10  ).  This  result  can  be  treated  so  that  increase 
of  viscosity  with  fall  of  pressure  does  not  affect  dimensions  of  eddies  of  the 
mac  restructure,  which  give  the  main  contribution  to  the  integral  scale  of  turbulence, 
.'.calcs  of  microstructure  and,  in  particular  the  Kolmogorov  scale,  according  to  (4.  / ) 
strongly  Increase;  the  fraction  of  turbulent  energy  in  a  fixed  Interval  of  length 
(width  of  the  burning  r.one)  also  decreases  with  fall  of  pressure,  but  this  leads  to 


the  case  in  which  the  rate  of  turbulent  combustion  decreases.,  according  to 
experiments  of  Khramtsov,  with  fall  of  pressure  (although  uH  increases),  even  if  the 
level  of  macrostructure  turbulence  is  held  constant  [4^]. 


i  «/  it  41  f! 

b) 


Fig.  4.19.  Experimental  dependence  of  intensity  of 
turbulence  e,  coefficient  of  turbulent  diffusion  D  (a) 
and  scale  of  turbulence  (b)  on  pressure  p. 
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Turbulence  in  a  flame.  A  number  of  authors  (Landau  [54],  Murkstein  (42], 
Karlovitz  [39],  Scurlock  [37]  and  others)  have  expressed  the  idea  ol'  the  possibility 
of  appearance  (or  increase)  of  turbulence  in  a  flame.  The  question  has  arisen  about 
so-called  "auto-turbulence  of  a  flame"  and  about  the  possibility  of  influence  of  the 
latter  on  the  process  of  burning.  It  has  for  a  long  time  been  attempted  to 
coordinate  the  differences  between  existing  theories  of  turbulent  burning  and  results, 
of  experiments  with  this  unknown  characteristic  of  a  turbulent  flame.  The  few 
measurements  of  turbulence  in  a  flame  which  have  been  conducted  [44],  [47],  l 48], 
showed  that  the  process  of  burning  can  change  turbulence  first  of  all  b.y  change  of 
the  hydrodynamics  of  the  flow  during  burning.  For  instance,  turbulence  in  the  w..he 
after  a  stabilizer  during  burning  will  be  absolutely  different  from  turbulence  after 
the  same  stabilizer  without  burning  (due  to  change  of  the  field  of  average  veloclHe. 
after  the  stabilizer  during  burning);  it  can  be  greater  or  less  nan  turbulence  wltho 
buring,  and  depend  on  eondit  Lor  .  of  l  1  rn 1 1 1*  (mixture,  ratio  wheth*  r  the  'ombu;  1  1  >1  1. 
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CHAPTER  V 


BURNING  OF  HOMOGENEOUS  FUEL-AIR  MIXTURES  IN  A 

- TU{mENT  - 

§  1.  .  BABILITY  CHARACTERISTICS  OF  A  TURBULENT  FLAME 

Turbulent  burning  la  on  the  disordered,  non-atationary  process  of'  turbulent 
displacement  of  volumes  of  combustion  products  and  fresh  mixture,  arul  reaction  of  flit 
latter  due  to  Increase  of  Its  temperature.  Therefore,  in  distinction  from  a  laminar' 
flame  front,  in  a  turbulent  combustion  zone  parameters  of  the  flow  wil ’  be  random 
functions  of  space  and  time  coordinates.  In  particular,  the  instantaneous  value  of 
a  flov.  parameter,  let  us  say  temperature,  at  an  arbitrary  point  of  1  he  turbulent 
flame  is  not  equal  to  the  time  average  of  temperature  at  this  point. 

The  random  character  of  oscillations  of  flow  parameters  indicates  the  necessity 
of  application  of  probability  theory  (statistics)  to  the  considered  phenomenon. 
Inasmuch  as  below  there  are  used  probability  characteristics  of  a  turbulent  flamt  , 
it  will  be  usetul  to  recall  basic  concepts  and  definitions  necessary  for  the  followin' 
presentation  which  are  known  from  probability  theory,  but  in  application  to  turbulent 
burning. 

In  probability  theory  there  is  introduced  the  idea  of  a  random  function.  This 
may  be,  for  instance,  the  value  of  temperature  as  a  function  of  time  at  a  fixed  point 
of  a  zone,  or  the  value  of  temperature  at  a  fixed  moment  of  time  as.  a  function  of 
space  coordinates.  In  concept,  the  word  "random"  implies  that,  the  vuLue  of  temporal  ir 
at  a  fixed  point  of  the  zone  can  not  be  predicted  beforehand.  It  1.-.  i  >s  Ll'le  only 
’o  determine  relative  duration  of  some  temperature  at  the  considered  poll  t.  of  the 
zone.  Thus,  there  arises  the  idea  of  the  probability  of  appearance  ■'  a  Ivon 
temperature  to  the  total,  time  of  observation  as  the  t  ime  of  ot  s.ervil  ion  tends,  to 
infinity;  i.e., 
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where  P. (T. )  —  probability  of  appearance  of  temperature  (T.)b  at  the  given  point  or 
of  the  zone; 

t,  —  one  of  the  elementary  time  intervale,  of  observation  during  which  the 
temperature  at  the  given  point  of  the  zone  is  equal  to 

t  —  total  time  of  observation  (Fig.  5.1). 

If  ran u am  function  T(t)  can  take  any  values  from  —  the  temperature  of  the 

fresh  mixture,  to  —  the  temperature  of  the  combustion  products,  then  we  introduce 

the  Idea  of  the  integral  of  probabilities  of  temperatures:  P(T)  is  the  probability 

1  hat  at  the  considered  point  of  the  zone,  temperature  will  take  a  value  not  less  than 

T.  It  is  obvious  that  at  any  point  of  the  zone 

p<r»-o)-o  and 


For  the  Interval  of  values  <  T  *  Tg  it  is 


the  probability  density  function: 


p(D 


dPlT) 

a  1 


possible  to  introduce  the  idea  u 


where  P(T)c!'  Is  be  nrobability  of  appearance  of  values  of  temperature*  in  the 
Interval  fi  >.  ‘i‘  to  T  +  dT. 

We  will  designate  functions  of  probability  and  of  the  integral  of  probabilli  it  • 
by  P  with  corresponding  subscripts  ("l",  "2",  and  so  forth),  and  the  probabilli 
density  functions  by  p.  The  appearance  of  a  given  temperature  at  a  given  tempera tnr>’ 
at  n  given  point  of  a  zone  is  the  result  of  turbulent  displacements  of  volumes  of 
as.  It  is  possible  to  introduce  the  prooability  density  function  of  turbulent 
displacements  of  volumes  of  gas.  (For  a  one -dimensional  zone  p(x  -  x();  t)  is  tin* 
prohnt  I  lit./  that  a  jnit  volume  from  point,  x0  will  arrive  at  point  x  at  moment  t. 

The  probability  that  volumes  of  gas  will  arrive  at  point  x  from  an  interval  V 
lntte  length  (xg  -  x^)  can  be  determined  accordingly  by  the  formula 

(b.  ) 

*% 

g.ince  temperature  at  the  considered  point  changes  in  some  random  manner,  then 
not  its  instantaneous  values  are  of  interest  to  us,  but  its  mean-st.atis.t  leal  value... 
The  run:  nine  of  temperature  (In  statistics.  It.  is  frequently  ca  1  Leu  mat  hemn  1. 1  ■•a  I 
(  xpe  ■  t  at  ion)  is.  defined  in  our  case  as 
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"T  +  0"  or  "T^  -  0"  denotes  the  region  of  integration  respectively  from  the 
right  of  point  and  from  the  left  of  point  Tg.  Inasmuch  as  the  magnitude  of 
temperature  fluctuations  relative  to  the  mean  value  is  equal  to  zero,  then  as  the 
characteristic  of  the  fluctuations  we  take  the  mean  square  value  of  the  fluctuation 


VT* -  V  (T-T)»  j  (T-T)*iP(T). 


Equality  of  the  mean  value  of  fluctuations  of  the  random  variable  to  zero 
indicates  the  fact  that  probabilities  of  both  positive  and  negative  values  of 
fluctuations  are  identical,  so  that  on  the  average  in  time  they  add  up  to  zero. 


m 

Y///A 


V/,A 


Fig.  5.1.  Determination  of  average  temperature 
(model  of  surface  combustion), 
a)  example  of  a  graph  of  true  temperature 

fluctuations  with  respect  to  time  (F,  ~  0.2' 


b)  graph  of  temperature  fluctuations  with  respect 
to  time  for  the  model  of  "surface  combustion." 


K^V-  ■ 

'■i* 


« 


Lei  us  imagine  that  in  the  zone  of  turbulent  displacement  there  is  no  molecular 
exchange.  Then  in  the  zone  of  turbulent  displacement  there  will  exist  only  two 
initial  temperatures  and  T 2,  inasmuch  as  turbulent  displacement  is  purely 
mechanical  displacement  (turbulent  transfer  of  "cold"  and  "hot"  volumes  by  continuous 
eddy  motions).  In  this  case  relation  (cs.1l)  and  (5.5)  will  be  written  in  the  simple 
form 


7 -  TtPt  +  Tft,  ft  _  (Tt-  ft* P,  +  (Tt-T)*Pt - 

—  (rt— rjtpjP,.  T'u‘  —  <rt— 


i 


where  and  are  probabilities  of  the  appearance  respectively  of  "cold"  and  "hot" 
volumes  of  gas;  it  is  obvious  that  P1  +  =  1. 

The  profile  of  temperatures  formed  as  a  result  of  turbulent  displacement  is 
shown  in  Fig.  5.1. 

The  maximum  value  of  the  mean  square  value  of  fluctuations,  which  is  equal  to 

O 

(T?  “  ^l)  1"  attained  at  the  point  where  =  l’g  =  0.5.  In  this  case  mean  valu<-. 

of  density  ”  and  temperature  T  turn  out  to  be  related  with  each  other  by  the  linear 
dependence 


h-H  Tt-Ti 


C-.Y) 


If  at  the  initial  moment  the  two  gases  are  separated  by  a  plane  partition 
passing  through  point  x  =  0  ("cold"  gas  is  located  on  th°  left  of  point,  x  *  0,  and 
"hot"  gas  is  located  on  the  right),  then  the  probability  of  appearance  of  "hot"  ga. 
at.  point,  x  at  the  time  t  will  be  determined  according  to  (5.3): 


"I 


fiW-  1  P(*-*%)**9 


In  statistics  it  is  assumed  as  a  working  hypothesis,  (ergodic  h.vpothesl  s)  t  hat 
probability  averaging  of  form  (5.1*)  and  (5.6)  is  equivalent  to  averaging  over  tim< 
or  over  the  space  coordinates  along  which  the  properties  of  the  random  variable:',  to 
not  change  on  the  average;  i.e.. 


•  I  » 

.  f  TdP{1)  =  lim  -7  f  TV')*’  =  lim  -  V  HyW 
J  <«•  •  J  :*■  1 J 


etc . 


0-9) 


If  the  averaged  values  of  the  random  function  do  not  depend  on  1 l me  or  space 
coordinates,  then  such  a  function  is  called  respectively  a  stationary  random  function 
or  a  homogeneous  random  function.  For  a  stationary  (homogeneous)  random  function 
naturally,  t  lie  following,  condition  is  satisfied: 


r* 
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The  process  of  averaging  is  usually  designated  by  a  long  line  drawn  abi  ve  the  symbol 
of  the  random  function.  It  is  useful  to  recall  a  number  of  properties  of  averaging 
which  directly  ensue  from  the  essential  nature  of  averaging  as  a  limiting  operation 

of  summation: 

(a  +  b)  **  a  +  F,  where  a  and  b  are  arbitrary  random  functions; 

JTJT^-^+ra  +  i*;  fT^yr+m  (SFIW-tfP*: 


f(I)4n  <r-T)»-T»-<fj«;  r+fTlf-W 


§  2.  EQUATIONS  OF  HYDRODYNAMICS  FOR  A  TURBULENT  FLAME 

Parameters  of  the  medium  in  the  zone  of  turbulent  burning  are  random  fund  ion.-. 

of  space  and  time  coordinates.  On  the  other  hand,  these  parameters  are  coni  In . is 

and  differentiable  functions  of  these  coordinates,  so  that  the  equations  of 
hydrodynamics  are  fully  applicable  to  them.  Continuity  and  differentiability  are 
explained  by  the  fact  that  molecular  viscosity  completely  suppresses  component., 
turbulent  motion  whose  scales  are  comparable  with  the  mean  free  path  of  the  mol. call 
so  that  the  smallest  scales  of  turbulent  pulsations  of  any  of  the  indicated  parameter 
always  turn  out  to  be  much  larger  than  this  length.  Therefore,  it  1.-  possible  in 
always  disregard  molecular  structure  of  the  fluid,  and  to  consider  the  latter  a 
continuous  medium.  The  applicability  of  equations  of  hydrodynamics  for  a  turbulent 
front  is  confirmed  also  by  their  successful  use  in  the  theory  of  the  laminar  ft. aim 
front  and  in  the  theory  of  turbulent  motion. 

Chemical  reaction  occurring  in  the  turbulent  zone  does  not  affect  the  form  of 
the  continuity  equations  or  the  equations  of  motion  if  they  are  written  In  t  lu  mu  t 
general  form,  taking  into  account  the  fact  that  density  and  kinematic  viscosity  of 
the  medium  v  are  functions  of  temperature  and  pressure.  Gince  turbulent  burning 
usually  occurs  at  speeds  much  less  than  the  speed  of  sound,  it  is  possible,  with 

p 

accuracy  up  to  Mach  number  M  ,  to  consider  that  the  density  of  the  medium  is  a 
function  only  of  temperature,  i.e.,  to  consider  that  up  to  the  front,  the  liquid  is. 
incompressible  and  non isothermal.  Then,  at  any  point,  of  the  from  and  at  any  i  ime 


Pr-p,T,  =  conit 


('■•  '  ) 


Molecular  weight  is  assume  to  be  constant;  p  and  T  are  respectively  density 
and  temp® nature  of  the  mixture.  Subsequently,  in  all  cases,  all  physical 
parameters  with  subscript  "1"  will  pertain  to  the  fresh  mixture,  and  all  with 
subscript  "2"  will  pertain  to  the  burned  mixture. 

For  problems  of  turbulent  burning  in  a  pipe,  the  constant  in  condition  (5.11) 
can  be  considered  to  be  a  weakly  changing  function  of  the  coordinate  along  the  pipe 
(due  to  fall  of  pressure). 

Equations  of  hydrodynamics  are  conveniently  written  with  the  help  of  "dummy" 
indices,  which  permit  us  to  represent  the  equations  in  more  compact  form.  The 
continuity  equation  has  the  form 


a  T  a*, 


0. 


V.12) 


where  u,  —  i-th  component  of  instantaneous  flow  velocity  at  the  considered  point  x1 
at.  the  time  t. 

Subscripts  i,  J,  and  k  everywhere  pass  through  the  values  1,  2,  3,  corresponding 
to  components  of  vectors  respectively  along  the  axes  x,  y,  z.  In  the  remainder  of 
this  text,  by  all  repeated  Indices  there  is  implied  summation  over  the  values  1,  2, 

3,  and  the  summation  sign  for  brevity  is  not  written.  For  a  one-dimensional 
burning  zone,  the  averaged  parameters  of  which  change  only  along  one  of  the 
coordinates  (through  the  depth  of  the  zone),  the  continuity  equation  after  averaging 
can  be  written  as 

— 0.  n  17,, 

M  to  '  ‘  ' 

Subscript  "1"  is  omitted,  since  it  is  not  needed  for  further  operations . 

During  investigation  of  turbulent  burning,  of  most  interest  are  the  equations 
of  conservation  of  energy  and  mass  (fuel,  oxidizer). 

In  the  most  general  form,  under  the  condition  of  constancy  of  pressure,  11  is 
possible  to  write  them  as  [13] 

tt - v  nr +l ttr *r + 

0*1 

I- 1,  2,3, 

1 

where  is  1  lie  tensor  of  viscous  stresses. 

L  K 

The  left  side  of  equation  (5.14a)  constitutes  the  quantity  of  heat,  oi  tallied 
by  a  unit  volume  of  gas  per  unit,  time  at.  point  x  (i  =  i,  2,  •'.)  aim  ai  1  he  1  Ime  1. 


a 

to, 
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From  equation  (5.14a)  it  is  clear  that  it  is  composed  of  heat  obtained  from 

.  dut 

dissipation  of  kinetic  energy  by  viscosity  ,  heat  transferred  to  the 

k 

considered  volume  by  means  of  thermal  conduction,  and  heat  released  per  unit  t  ime 
from  possible  chemical  reactions.  The  physical  meaning  of  the  terms  of  the  equation 
of  conservation  of  mass  is  analogous.  The  left  side  of  equation  (5.14b)  —  rate  of 
change  of  concentration  of  substance  c  per  unit  volume  -  is  equal  to  the  rate  of 
supply  of  substance  by  molecular  diffusion  minus  the  rate  of  loss  of  substance  by 
chemical  reaction.  In  terms  for  diffusion  flows  of  heat  and  mass,  there  will  be 
disregarded  the  effect  of  thermal  diffusion;  i.e.,  it  will  be  assumed  that 
molecular  flow  of  heat  is  proportional  only  to  the  temperature  gradient,  and  flow  of 
mass  is  proportional  only  to  the  concentration  gradient  of  the  given  substance. 

This  assumption  for  usual  conditions  of  burning  is  immaterial.  Just  as  immaterial 
will  be  the  fact  that  heat  released  during  decay  of  turbulence  is  disregarded  l first 
term  of  the  right  side  of  equation  (5.14a)]. 

As  the  concentration  c  it  is  posslole  to  take  the  concentration  of  substance 
carrying  on  the  chemical  reaction.  This  can  be  the  concentration  of  oxygen,  the 
concentration  of  fuel  vapor  or  the  concentration  of  intermediate  reaction  products 
(active  centers)  and  so  forth,  depending  upon  the  physical  conception  of  the  heai 
emission  mechanism  which  is  selected.  The  quantity  pc  is  the  mass  of  given 
substance  per  unit  volume.  Between  the  rate  of  disappearance  of  the  concentration 
of  initial  reaction  products  and  the  rate  of  heat  release  caused  by  this  react  ion 
there  exists,  obviously,  a  direct  relation: 

*  -  HtW, 

where  Hu  is  the  heat  of  reaction. 

Using  this  relation,  it  is  possible,  by  multiplying  relationship  (5.14b)  by 
Hu  and  adding  it  with  relationship  (5.14a),  to  obtain  under  the  condition  of  the 
equality  X/c  p  =  DM  a  relationship  for  enthalpy  of  the  gas: 


a  I  9H  „  ,v 


(5. If) 


where  H  =  c  T  +  H  e  —  enthalpy  of  a  unit  of  mass  of  gas; 

r  u 

DM  —  coefficient  of  molecular  diffusion; 

X  —  coefficient  of  thermal  conductivity; 
X/cpP  =  a  —  coefficient  of  thermal  diffusivit.y. 


Equality  of  the  diffusion  coefficient  to  the  coefficient  of  thermal 
diffusivity  a  is  a  well-known  result  of  the  classical  theory  theory  of  molecular 
diffusion;  it  is  widely  applied  in  the  thermal  theory  of  laminar  burning  as  one  of 
the  assumptions  (see  Chapter  III).  For  fuel-air  mixtures  it  is  satisfied  with 
sufficient  accuracy,  although  there  are  possible  cases  when  the  deviation  from  a 
.  perfect  equality  turns  out  to  be  considerable,  for  instance,  at  the  rich  concentration 
boundaries  of  ignition,  when  distribution  curves  of  the  quantity  u„  with  respect  to 
mixture  ratio  are  asymmetric  (see  Chapter  III)  and  so  forth. 

By  definition,  enthalpies  in  the  fresh  mixture  and  in  the  completely  burned 
mixture  are  identical,  i.e., 

//,(-»)- c,r, + Hfy -//,(+«)- c,Tr 

With  such  boundary  and  initial  conditions,  the  solution  of  equation  (5.15) 
turns  out  to  be  the  following: 

+  (b.ii  ) 

Thus,  at  any  point  of  the  zone,  two  random  functions  T  and  c  are  related  by 
(5.16),  the  physical  meaning  of  which  is  that  in  the  case  of  equality  of  rates  of 
molecular  diffusion  of  heat  and  reactant  during  any  turbulent  motion,  there  is 
established  dynamic  equilibrium  between  the  internal  and  chemical  energies:  their 
sum  remains  constant  at  any  point  of  the  burning  zone,  at  any  moment  of  time. 

Formula  (5.16)  was  obtained  as  the  solution  of  equation  (5.15)  for  the  first 

time  b,v  Zel'dovich  (see  Chapter  III)  in  reference  to  a  laminar  flame  front;  from 

the  given  reasoning  it  is  clear  that  it  has  a  wider  region  of  application;  in 
particular,  it,  remains  valid  in  the  turbulent  burning  zone  for  any  mechanism  of 
’ombustion. 

With  the  help  of  (5.16),  the  system  of  equations  (5.14)  can  be  reduced  to  >ne 
equation  if  there  are  known  functions  4>(T;  c)  or  W(T;  c).  Lot  us  consider  in 
greater  detail  what  the  form  of  these  functions  is. 

Let  us  select  an  arbitrary  "fluid  volunte"  of  fresh  mixture,  which  is  '.mail  eunuch 
that  all  all  subsequent  moments  of  time  temperature  and  concentraMon  in  it  will  be 

constant  over  the  whole  volume.  In  the  hydrodynamics  of  an  inviscid  fluid,  by 

"fluid  volume"  there  is  understood  a  volume  within  whose  boundaries  there  are 

‘The  question  about  the  uniqueness  of  this  solution  for  arbitrary  initial 
conditions  remains  open.  AIL  further  considerations  of  turbulent  burning  are 
conduct,  eu  on  the  basis  of  solution  (5.16). 


contained  always  the  same  particles  of  fluid.  In  this  case  we  assume  that  this 
volume  does  not  exchange  particles  with  its  surroundings  by  means  of  hydrodynamic 
motion;  but  it  can  change  its  composition  and  temperature  by  means  of  molecular 
exchange  with  its  environment;  i.e.,  this  volume  should  be  much  smaller  than  the 
smallest  eddies  (smallest  scales  of  hydrodynamic  motion),  but  large  enought  that 
it  is  possible  to  consider  it  as  a  continuous  medium.  The  existence  of  such  a 
volume  is  possible,  since  at  atmospheric  pressure  the  distance  between  molecules 
~3QA,  which  is  many  order  of  magnitude  smaller  than  the  smallest  eddies,  whose 
dimensions  are  measured  in  tenths,  and,  in  extreme  cases,  in  hundredths  of  a 
millimeter  (see  Chapter  IV). 

Exchange  between  such  a  volume  and  its  surroundings  will  indeed  occur  only  due 
to  molecular  transfer,  since  any  turbulent  pulsations  will  transfer  it  as  a  single 
whole.  Therefore,  the  relationships  of  molecular  exchange  and  kinetics  are 
completely  applicable  to  such  a  volume. 

With  the  thermal  mechanism,  the  rate  of  heat  release  at  an  arbitrary  point 
of  a  turbulent  flame  at  any  moment  of  time  is  determined  by  the  relationship 

♦  (7*;  VTc’ex p(“— r) 

or,  in  virtue  of  condition  (5.16)  by  the  expression 

♦<n~<r,-iv«p(~£-).  (6.i7) 

where  v,  E  and  R  are  respectively  the  total  reaction  order,  activation  energy  and 
gas  constant;  these  are  assumed  to  be  identical  for  laminar  and  turbulent  flame.'. . 

The  turbulent  burning  zone  comprises  an  infinite  set  of  elementary  fluid 
volumes,  each  of  which  is  in  a  definite  stage  of  chemical  reaction,  where  this 
stage,  according  to  (5.16),  (5. 17),  is  uniquely  determined  by  the  temperature  of 
the  volume.  Therefore,  it  at  an  arbitrary  moment  of  time  at  an  arbitrary  point  of 
the  zone  there  is  recorded  a  definite  temperature,  then  it  is  possible  to  say 
definitely  what  volume  is  located  at  the  considered  point,  and,  consequently,  what 
the  rate  of  heat  release  is  in  the  arbitrarily  small  unit  of  volume  surroundin  he 
given  point.  Formally  (5.17)  does  not  differ  from  the  relationship  for  rate  of  heat 
emission  in  a  homogeneous,  thermally  insulated  mixture,  but  in  the  given  case  rate 
of  heat  emission  is  a  random  function  of  a  random  argument  (temperature). 

The  above  considerations,  from  the  point  of  view  of  descrii  '  ion  of  ftie  process 
by  the  method  of  dimensional  theory,  indicate  that  the  physico-chemical  parameter 
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of'  a  fuel-air  mixture  having  the  dimension  of  time  ( charaeterist ic  turning  time) 
remains  the  same  during  turbulent  turning  as  during  laminar  burning. 

With  lie lp  of  the  continuity  equation  and  relationship  (5.17) »  it  is  possible 
to  write  the  energy  equation  in  the  form 


or  (since  pT  =  const) 


where 


+  ♦(7) 
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i-  1.  2,  3. 


(5. 18) 


Equation  (b.18)  is  interesting  due  to  the  fact  that  it  is  almost  linear, 
except  for  the  term  F(T) ;  in  it  there  are  not  contained  products  of  various  random 
functions,  so  that  during  averaging  there  do  not  appear  additional  unknowns  — 
correlation  moments.  In  it  there  evidently  are  also  not  contained  terms 
•  characterizing  turbulent  exchange  and  non-stationarlty  of  the  process.  Such  a  form 
turns  out  to  be  very  convenient  for  subsequent  mathematical  transformations  of  the 
equations  of  hydrodynamics  of  a  turbulent  flame. 

The  system  of  equations  of  momertum  conservation  can  be  simplified  analogously, 
but.  for  a  turbulent  flame  it  is  not  of  fundamental  interest;  therefore,  here  we  will 
not  consider  it.  Solution  of  the  given  system  of  equations  can  be  obtained  only  on 
the  basis  of  definite  physical  concepts.  In  the  following  paragraphs  there  are 
presented  physical  concepts  involved  in  the  process  of  development  of  turbulent 
burning  in  reference  to  combustion  chambers  of  air-breathing  Jet  engines  there  are 
also  given  definitions  of  the  basic  physical  parameters  characterizing  this  process. 


§  3.  STAGES  OF  DEVELOPMENT  OF  THE  TURBULENT  BURNING  ZONE 


The  question  of  the  vicissitude  of  turbulent  burning  was  considered  for  the 
first  time  in  the  works  of  Sokolik  [11]  and  Sviridov  [12],  Here  it  is  expounded 
in  the  light  of  the  latest  data  on  turbulence  and  turbulent  burning. 

Let  us  consider  the  simplest  case:  development  In  time  of  a  one-dimensional 
hurning  zone  from  the  initial  plane  separating  fresh  mixture  from  combust  ion 
products.  This  case,  strictly  speaking,  is  the  physical  ideal,  but  to  It,  with 
relatively  small  error.  It  is  possible  to  reduce  all  cases  of  burning  in  open  flows 
and  with  a  series  of  additional  refinements  —  also  cases  of  turning  in  a  pipe  (set 
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Section  5»  Chapter  V).  The  most  exact  physical  equivalent  of  a  cne-dlmensiona I  zinc 
is  the  burning  zone  on  the  boundary  between  two  plane  i'Lows  (fresh  mixture  ami 
combustion  products)  moving  with  identical  velocities  v  (Fig.  5.2a).  in  tills  •ase, 
with  error  of  the  order  of  u^  /v  ,  variation  of  parameters  of  this  zone  in  some 
transverse  cross  section  of  the  flow  can  be  considered  as  variation  of  parameters 
through  the  depth  of  a  one-dimensional  zone;  and  variation  of  parameters  from  cross 
section  over  the  distance  x^  along  the  flow  -  as  change  of  the  one-dimensionai  zone 
in  time  t  ■  Xq/v.  This  makes  it  possible  to  use  available  experimental  material  on 
turbulent  burning  in  high-speed  flows. 

During  the  analysis  of  experimental  material,  there  are  first  of  all  noted  two 
experimental  facts:  stationarity  of  the  rate  of  turbulent  combustion  (when  turbulence 
of  the  incident  flow  is  homogeneous)  and  non-stationarity  of  the  width  of  the 


turbulent  burning  zone  (Fig.  5.3  and  5.^).  In  an  open  flow,  this  distinction  I,-, 


immediately  evident,  from  the  first 
visual  ot  'ervatioii  of  a  |  lane 
turbulent  flame:  the  angle  of 
expansion  of  the  fLame,  which  is 
proportional  to  the  quantity 
uT/v,  practically  does  not  change 
over  the  length  or  the  flame,  and 
the  width  of  the  zone  of  luminosity 
(along,  the  normal  to  the  main  flow) 


Fig.  5.2.  Determination  of  the  profile  of 
average  temperatures  in  a  turbulent  flame, 
a)  plane  case;  b)  linear  case;  c)  axially 
symmetric  case. 


increases  along  the  flame, 

let  us  dwell  on  the  first 
fact.  The  equation  of  conservation 


of  energy  (5.18)  for  a  one-dimensional  zone  acquires  after  averaging  the  form 

v_z>*-sL+rm- 

Integrating  it  over  x  from  -ao  to  +os,  we  will  obtain  (taking  into  account  in¬ 
equation  of  conservation  of  mass  p^Uj.  =  p2u2)  a  relationship  which  determines  the 
speed  of  turbulent  combustion: 


(«—  I)  J  (*—  1)  J 


(5.20) 


where  n  =  Tg/T.^  =  f'l/Pg" 


-V 


ln?T{T).  For  instance,  for  a  laminar  flame  front,  the  distribution  function  P(T) 
is  such  that  the  random  function  of  temperature  is  simply  equal  to  its  own  mean 

value  (the  probability  of  mean  temperature  is  equal  to  one).  In  this  case, 

* 

relationship  (5.20)  is  reduced  to  the  form  which  was  for  the  first  time  given  by 

te 

Zel'dovicht 


c+i(T* 


(5. 20a) 


whence  we  will  obtain 

«,/«• — J  9dx/  J  <Mx. 


(5.20b) 


Let  us  note  that  for  a  laminar  flame  front  equation  (5.19)  is  reduced  to  the 
well-known  Zel'dovich-Frank-Kamenetskiy  equation  by  the  simple  substitution: 

r-T;  s-a-o^/T,  and 


Let  us  consider  now  what  physical  meaning  function  P(T;  x)  has  in  the  case  of 
turbulent  burning. 

The  process  of  formation  of  a  one-dimensional  burning  zone  can  arbitrarily  be 
divided  into  three  stages.  Fundamental  peculiarities  of  these  stages  are 

schematically  depicted  in  Fig.  5.5.  In 
the  first  moments  of  the  initial  stage, 
formation  of  the  burning  zone  occurs  Just 
as  in  laminar  flow,  since  the  coefficient, 
of  turbulent  diffusion  according  to 
Taylor's  equation  is  equal  to  zero. 

The  quantity  u^,  is  determined 
according  to  (5.20)  by  the  integral  of  the 
average  rate  of  heat  release.  According 
to  properties  of  averaging  (see  §  t, 

0  WO  200  x  mm 

Chapter  V),  the  instantaneous  profile  of 

Fig.  5.4.  Distribution  of  functions 

of  average  a(x)  and  dispersion  o(x)  of  rate  of  heat  emission  can  first  be 
an  open  flame  after  a  "point"  burner 

(data  of  Lushpa) .  integrated  over  x,  and  then  averaged  along 

the  y-axis  (or  z-axis).  For  convenience 
of  analytic  integration,  we  will  replace 
the  instantaneous  profile  of  wie  of  heat, 
release  along  the  x-ax1s  by  the  Gaussian 
curve: 


O  —  afx 
•  -  a(x 
A  —  o( 

A  -  o 


v  »  25  m/sec j 
v  -  45  m/sec j 
v  -  25  m/sec; 
v  =  4^  m/sec j 


1.2;  t  =  150°C. 
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Such  an  approximation  is  permissible  with  great  accuracy  for  a  laminar  front, 
as  well  as  for  the  initial  stage  of  formation  of  a  turbulent  front.  It  is  also 
permissible  for  the  intermediate  stage,  if  by  expression  (5*21)  we  understand  the 
instantaneous  profile  of  rate  of  heat  release,  but  averaged  over  small-scale 
fluctuations  of  rate  of  heat  release.  By  substituting  corresponding  expressions 
(5.21)  for  laminar  and  turbulent  fronts  in  (5.20)  and  carrying  out  integration  over 
x,  and  then  averaging,  we  will  obtain 


■a  •• 


t 


(5.22) 


where  oQ  is  the  mean-statistical  width  (along  the  x-axis)  of  the  burning  front  for 
the  turbulent  burning  zone; 


Ojj  is  the  characteristic  width  of  the  burning  front  for  a  laminar  front.  From 
(5.21)  It  is  determined  as  the  width  at  which  the  rate  of  heat  release 

decreases  by  •/e  times  from  its  maximum  value. 


For  Reynolds  number  of  the  flow  close  to  critical,  in  the  flow  there  exist 
only  very  large  eddies,  with  dimensions  tens  and  hundreds  of  times  larger  than  the 
scale  Ojj.  Therefore,  in  the  first  approximation,  for  the  initial  stage  we  may 
assume  that  widening  of  scale  o  as  compared  to  scale  an  occurs  mainly  due  to 
rotation  of  the  burning  surface  by  an  angle  to  the  x-axis,  i.e.. 


y\  _ 

s  -  «,/cos(*.  x)  wm  I, (dSjdy-dz), 


(*w.23) 


where  n,  x  —  angle  between  the  normal  to  the  instantaneous  burning  surface  and  the 
x-axis; 

dS  —  element  of  "burning  surface"  at  the  moment  of  time  t,  projected  on  an 
element  of  initial  area  dydz  of  the  plane  yOz. 

After  substituting  (5.23)  in  (5.22),  we  will  obtain  the  following  relationship, 

which  is  well-known  in  the  theory  of  turbulent  burning  [1],  [2],  [  14 ] j 


«,  /  35  \  (5.2M 

*  U  **)' 

thus  relation  has  a  very  limited  field  of  application;  and  for  high-speed  flows  is 
not  very  limited  fit  Id  of  application,  and  for  high-speed  flows  is  not  useful  In 
practice.  The  fact  is  that  in  high-speed  combustion  chambers,  in  the  spectrum  of 
turbulent  eddies  there  exist  eddies  which  are  tens,  and  even  possibly  hundreds  of 
times  smaller  than  the  scale  Oj,,  so  that  it  is  possible  to  speak  about  a  definite 
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burning  surface  with  constant  quantity  u^t)  over  the  surface  only  at  the  first 


moment  of  i ime. 


At  a  certain  moment  there  will  begin  distortion  (deformation)  and  broadening 
of  isothermal  planes  (burning  front)  by  the  smallest  eddies.  This  moment  occurs 
earlier,  the  smaller  the  internal  scale  of  turbulence  q  is  (Kolmogorov  scale),  i.e.. 


the  larger  Reynolds  number  of  the  flew  is.  For  large  Reynolds  numbers  it  occurs 


practically  immediately  at  the  ignition  source.  Distortion  (deformation)  and 


broadening  of  the  burning  front  in  the  plane  xOy  is  formally  registered  as  increase 


of  the  average  integral  of  heat  release  in  the  direction  of  the  x-axis,  or,  which 


is  the  same,  of  the  magnitude  of  scale  an.  Thus,  in  principle  it  is  Impossible  to 


distinguish  what  causes  the  average  integral  of  rate  of  heat  release  to  increase  — 


broadening  of  the  burning  front  by  eddies  smaller  than  or  equal  to  the  instantaneous 


width  of  the  front,  or  distortion  of  the  burning  "surface"  at  an  angle  to  the  y-axis 


by  eddies  larger  than  the  width  of  the  front.  Thus  for  large  Reynolds  numbers  in 


the  initial  and  subsequent  (intermediate)  stage,  it  is  impossible  in  principle  to 
draw  a  clear  boundary  between  the  effects  of  "microvolume"  and  "surface"  increase 


of  burning  rate.  With  passage  of  time,  larger  and  larger  eddies  will  start  to  act. 


Large  eddies  not  only  distort  the  burning  "surface",  but  also  transfer  its  elements 


as  a  whole  in  various  directions  from  its  average  position.  For  well-developed 


turbulence  (Re  *  lO"3)  this  on  the  average  obeyed  the  following  rules  the  larger 


the  scale  of  the  eddy  is,  the  greater  is  its  contribution  to  the  magnitude  of 


turbulent  transfer  of  the  burning  "surface"  and  the  smaller  is  its  contribution  to 


leformation  and  broadening  of  this  surface. 


Let  us  note  that  the  actual  concept  of  "surface"  is  purely  arbitrary,  since 


on  il  there  is  not  obeyed  the  Gouy-Michelson  principle:  it  is  impossible  to 


uniquely  determine  its  exact  boundaries  and  the  burning  rate  normal  to  this  our  ,i',e, 


which  Is  constant  over  the  surface.  In  Fig.  there  are  given  boundaries  of  the 


burning  front  along  points  of  equal  (zero)  rate  of  heat  emission;  these  boundaries 


are  also  arbitrary,  since  inside  the  front  itself  there  is  no  homogeneity. 


The  intermediate  stage  of  development  of  the  one-dimensional  burning  zone  is 


uniquely  characteristic  of  the  burning  surface:  axis  x  intersects  the  burning 


front  (more  exact,  the  larger  of  Increased  probability  of  heat  release)  on  the 


average  one  time.  Strictly  speaking,  this  stage  continues  until  a  moment  of  time 


.  » 

of  Hie  order  of  u  .  In  high-speed  flows,  this  time  is  expressed  it,  distances  frotr 


7  •  •  ,-***iv.  -- 

-.V.'t  mV  V- 

♦  *«.  r  -  V5*  '•->  .  4,  '■ 


C  *>V»>  ' 

~  Lit  J,  , 


I  i 


I 

the  Ignition  source:  Xq  ■  l^v/u  .  For  chambers  with  diameter  of  dH  «  200  to  *t00  mm, 
this  distance  is  not  less  than  50  to  100  mm. 

For  the  final  stage,  in  principle  there  is  possible  a  more  complicated  form 
of  burning  "surface" i  the  x-axis  can  intersect  the  surface  more  than  once  (three, 

five,  etc,,  times).  However,  the  surface  will  remain  simply  connected.  The 

jf1. 

Integral  of  the  instantaneor  iction  of  rate  of  heat  release  in  such  cross  sections 
over  x  (section  a-a^  on  Fig.  5. be)  can  be  noticeably  larger  than  on  single-valued 
cross  sections.  It  we  disregard  the  effect  of  "thinning"  of  the  front  in  such 
cross  sections  due  to  the  fast  extension  of  the  burning  "surface"  by  large  vortices, 
the  the  instantaneous  contribution  of  such  cross  sections  will  be  three,  five,  etc,, 
times  as  great  as  the  contribution  from  one  burning  layer  (front).  The  mean- 
statistical  contribution  of  such  triple  intersections  to  the  heat  release  integral 
will  be  greater,  the  higher  the  probability  of  encounter  of  such  triple  intersections. 

Stages  of  development  of  a  simultaneous  burning  zone  are  distinctly  evident  in 
the  change  of  character  of  the  statistical  distribution  of  random  variables  T  and  l>. 
This  distribution  can  be  constructed  if  we  consider  the  "oscillogram"  of  change  of 
the  given  quantity  along  the  one-dimensional  zone  (along  axis  y  or  z).  In  Fig.  [>.[> 
there  are  given  graphs  of  the  integral  of  probabilities  of  temperatures  P(T)  IL'('J)  is 
the  probability  of  appearance  of  a  temperatures  less  than  T]  and  its  derivative  p(T) 
[p(T)  is  the  probability  of  encounter  of  the  temperature  in  the  interval  from  f  to 
T  +  dT)  ]. 

With  an  ideal  "volume"  (microvolume)  mechanism  of  burning  of  the  same  type  as 

the  laminar  front,  the  probability  integral  will  be  depicted  by  a  step,  and 

instantaneous  values  of  parameters  at  a  point  of  the  zone  (front)  will  coincide  with 

their  mean  values.  With  an  ideal  "surface"  mechanism  of  turbulent  displacement  in 

the  zone,  the  probability  integral  will  be  depicted  by  a  double  step,  since  in  the 

* 

mixing  zone  intermediate  temperatures  are  completely  absent.  In  the  first  care, by 
solving  the  equations  of  hydrodynamics,  we  will  obtain  the  well-known  laminar 
burning.  In  the  second  case  (D^  ■  I\|tT  *=  0) ,  we  will  obtain  purely  mechanical 
turbulent  displacement  of  "cold"  and  "hot"  volumes,  with  coefficient  of  turbulent 
diffusion  D .p,  practically  complete  absence  of  heat  release  in  the  zone,  since 
according  to  relationships  of  the  first  paragraph  we  have 

* - ♦  m  Px  +  ♦  (T,)  Pt - <t>  (7.)  P , *  0. 

*The  graphic  concepts  of  "volume"  and  "surface"  burning  mechanisms  in  coordinates 
P(T)  and  T  were  for  the  first  time  proposed  ly  A.  Fro.’. 
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I+  Is  obvious  that  neither  case  corresponds  to  reality,  since  in  the  zone  of 
developed  turbulent  burning  there  exist  layers  of  intermediate  temperatures,  and 
in  these  layers  themselves  there  exist  deviations  of  instantaneous  temperatures 
from0  their  mean  value  (in  the  layer).  In  the  initial  stage,  the  concepts  of  burning 
zone  and  burning  front  coincide  (or,  in  other  words,  the  concepts  "macro-"  and 
"microzone"  of  turbulent  burning  coincide. 

In  the  initial  stage,  deviations  of  temperatures  from  their  average  value  are 
small,  since  they  are  determined  by  the  action  of  eddies  smaller  than  the 
instantaneous  width  of  the  burning  front. 

In  this  case  the  dispersion  of  the  deviation  of  fluctuations  of  temperatures 
from  their  average  value  is  small,  and  the  shape  of  the  probability  density  curve 
of  temperatures  is  close  to  that  of  the  Gaussian  curve.  Dispersion  of  the 
fluctuations  of  temperatures  increases  in  time.  At  an  arbitrary  point  of  the  zone 
in  a  system  of  coordinates  connected  with  the  initial  motionless  middle  plane  of 
the  zone  yOz,  there  appears  a  finite  value  of  probability  density  of  temperatures 
T-j  and  T^.  The  probability  density  curve  p(T)  is  transformed  from  a  curve  of 
Gaussian  type  to  curves  of  absolutely  different  type.  Let  us  note  that  in  the  moving 
coordinate  system  connected  with  the  center  of  the  instantaneous  position  of  the 
burning  front,  the  dispersion  of  temperature  fluctuations  will  also  be  changed  up 
to  the  moment  of  establishment  of  the  steady  state  of  the  front,  but  the  curve  of 
function  p(T)  will  remain,  as  before  of  Gaussian  type.  Finally,  in  the  final  si.ve 
in  the  motionless  system  of  coordinates  of  plane  yOz  (in  the  system  of  coordinates 
of  the  macrozone),  the  greatest  probability  density  turns  out  to  be  in  the  region 
of  temperatures  and  T 

All  three  stages  of  development  of  the  one-dimensional  burning  zone  encompass, 

0 

in  principle,  all  possible  cases  of  burning.  If  turbulence  is  such  that  all  Ur. 
scales  are  equal  to  or  less  than  the  width  of  the  laminar  flame  front,  the  process 

will  not  emerge  from  its  initial  stage  of 
development:  the  front  will  pass  through 

an  eddy  before  the  latter  has  time  to 
essentially  deflect  the  surface  of  the  fron* 
from  the  middle  plane.  If  Reynolds  numler 
of  the  flow  is  small  (close  fo  critical), 
the  nic restructure  of  turbulence  is  not  well- 
developed  and  the  average  scale  of  turbulence 


a(t)  um 


Fig,.  5.6.  Average  boundaries  and 
dispersion  of  a  turbulent  flame  after 
a  single  stabilizer  in  a  pipe  (data 
of  V.  P.  Point sev) . 


Ig  ie  much  greater  than  the  width  of  the  laminar  front,  burning  will  occur  on  the 
first  stage  by  the  "surface"  mechanism  in  Shchelkin»s  treatment  [2].  Subsequently 
the  process  will  remain  for  a  long  time  in  the  second  stage  if  u'  «  uH,  and  will 
rapidly  develope  to  the  third  stage  if  u'  »  uH  and  decay  time  of  an  individual 
eddy  is  equal  to  or  larger  than  the  tine  of  passage  of  the  front  through  the  eddy. 
Thus,  the  quantity  uT  should  continuously  increase  in  time  from  values  of  the  order 
of  u„  in  the  initial  stage  to  values  noticeably  larger  than  uH> 

Experiment  shows  that  for  large  Reynolds  numbers  Re  (Re  z  10^),  the  quantity 
uT  becomes  much  larger  than  uH,  even  in  the  first  stage,  and  further,  on  all  lengths 
of  the  flame  interesting  in  practice,  remains  constant  (see  Fig.  5.6  and  5.7). 

This  indicates  that  the  main  contribution  to  the  heat  release  integral  is  obtained 

on  the  average  from  one  burning  layer;  in  other 
words,  although  the  probability  of  cross  sections 
similar  to  cross  section  a-a^  in  Fig.  5.6 
increases  with  increase  of  the  total  width  ol' 
the  zone,  it  remains  relatively  small  for  a  LI 
lengths  of  chambers  interesting  In  practice;  more 
exactly,  the  contribution  of  such  sections  t.o 
the  heat  release  integral  is  small. 

In  Fig.  5.8  there  are  given  experimental 
curves  of  the  instantaneous  burning  surface  of  a 
turbulent  flame  jet,  determined  by  Kokushkin  [9j 
with  the  help  of  a  battery  of  quick-response 
resistance  thermometers.  According  to  data  ol' 
work  [9],  the  probability  of  encounter  of  triple 
intersections  on  lengths  of  flames  ini eresi i ug  in 
practice  does  not  exceed  0.1  to  0.2.  The  high  probability  of  encounter  of  a  sin  le¬ 
va  iued  burning  surface  can  be  explained  by  the  finite  Lifetimes  of  the  eddies;  after 
turning  on  the  average  by  a  quarter  of  a  turn,  the  eddy  disintegrat es,  transmit  tin  ' 
energy  to  smaller  eddies  and  leaving  the  burning  surface,  on  the  average,  sin;  lc 
values  (Fig.  5.9). 

The  influence  of  small  scales  of  turbulence  on  the  quantity  un  'UU,  be 
examined  by  solving  the  closed  system  of  equations  of  hydrodynamics .  The  fundament  a. 
scheme  of  derivation  of  the  closed  system  of  equations  is  as  follcwx  [  ;'(>  j :  We 
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Fig.  5.7.  Average  boundary 
and  dispersion  of  a  turbulent 
flame  after  a  group  of 
stabilizers  in  a  pipe  (data 
of  V.  P.  Solntsev) . 
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consider  a  one-dimensional,  stationary  turbulent  flame  front,  inside  of  which  there 

- 

act  turbulent  pulsations  with  scales  much  smaller  than  scales  of  average  parameters! 

the  scale  of  eddies  is  less  than  the  thickness  of  the  front  ;  the  scale  of 

ux  i 

turbulent  velocity  is  less  than  uT;  the  scale  of  temperature  pulsations  is  less 
than  the  average  temperature;  and  so  forth.  Transition  from  such  a  model  to  an 
actual  turbulent  flame  zone  with  elements  of  the  buminb  fronts  dispersed  by  large 
eddies  is  carried  out  with  the  help  of  relationships  of  Kolmogorov^  theory  of  local 
turbulence.  For  instance,  the  characteristic  scale  of  turbulent  velocity  in  the 
considered  problem  is  determined  by  the  contribution  of  all  eddies  smaller  than  or 
equal  to  the  scale  of  width  of  the  burning  front  (~aT)  according  to  the  well-known 
Kolmogorov-Obukhov  relationship  (see  Chapter  IV).  During  averaging,  in  the  continuity 

equation  and  the  thermal  conduction  equation  of  the  one-dimensional  front  there  will 

“2  TT 

be  contained  unknown  correlation  moments  of  the  type  T  ,  u  T  and  others.  For 
determination  of  such  unknown  moments,  it  is  possible  to  write  the  linearized  system 
of  differential  equations  of  hydrodynamics  with  respect  to  turbulent  pulsations  of 
the  hydrodynamic  parameters,  using  for  this  the  well-known  method  of  small 
perturbations,  which  is  applicable  in  this  case  in  virtue  of  the  assumed  relative 
smallness  of  these  pulsations. 
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Fig.  5.8.  Experimental  curves  of  instantaneous  burning 
surface  (change  of  temperature  of  the  mixture). 

I)  zone  of  burned  mixture;  II)  zone  of  unburned  mixture, 
=  300  ro111'  v  =  30  m/see. 


Using  further  on  the  correlation  method,  developed  in  the  statistical  theory 
of  turbulence,  (Friedman^eller  method),  we  can  reduce  this  system  to  a  system  of 

equations  for  correlation  moments  of  different  forms.  Using  elements  of  tensor 

a. 

♦Scale  is  determined  according  to  the  beginning  and  end  of  the  rise  of  the 
profile  of  average  temperatures  In  the  front. 


analysis  and  conditions  of  axial  symmetry  of  tensors,  we  can  relate  all  correlation 
moments  of  the  second  order  with  each  other,  expressing  them  in  terms  of  the 
correlation  moment  of  temperature  pulsations  at  two  neighboring  points  (or  in  terms 


•S  '  ^  .  •  »  « • 

of  tbe  moment  of  longitudinal  velocity  pulsations  connected  with  it).  If  the  two 
neighboring  points  are  shrunk  into  one,  we  will  obtain  a  system  of  equations  which 
is  closed  with  accuracy  up  to  moments  of  higher  order  of  smallness.  The  main 

controlling  tu--ulent  parameters  of  a  system  closed  in  this  manner  are:  scale  of  , 

velocity  of  all  eddie3  smaller  than  or  equal  to  the  width  of  the  front  vQ,  and  the 
scale  of  eddies  of  dissipation  Xq,  which  is  equal  to 


where  is  the  mean-square  of  the  gradient  of  turbulent  velocities. 

The  complete  analytic  solution  of  such  a  problem  is  quite  complicated  and 
cumbersome;  however,  the  main  results  of  solution  can  be  obtained  on  the  basis  of 
certain  physical  •’oncepts  and  dimensional  considerations. 


Fig.  5.9*  Change  of  the  boundary  between  two  gases  in 
time,  a)  position  of  the  boundary  between  two  gases  at 

the  initial  moment;  v  (z)  is  the  velocity  profile  of 
an  eddy;  b)  position  of  boundary  after  an  infinitesimal 
interval  of  time;  c)  position  of  boundary  after  a  finite 
(large)  interval  of  time;  time  of  existence  of  the  eddy 
Te  *  oo;  d)  position  of  boundary  after  a  finite  (large) 

interval  of  time;  time  of  existence  of  eddy  rB<ig// T* 

e)  model  of  an  eddy  (concerning  the  equation  of  the 
relationship  between  scales). 


If  a  weakly  distorted  (simple)  burning  surface  is  replaced  b.v  the  conditional 

scheme  of  Shchelkln  [2]  of  conical  surfaces  with  average  height  ~o  and  width  of 

base  ~L„,  then  the  order  of  magnitude  of  the  ratio  u  /u„  will  then  le  determined 
U  T  « 

by  the  expression  (for  a  laminar  burning  surface;  Fig.  s.lOa) 
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Fig.  5.10.  Schematic  diagram  turbulent  burning,  a) 
diagram  of  the  surface  of  a  laminar  front  during  "weak 
turbulence"  (according  to  data  of  Shchelkin);  d)  the 
same  diagram,  taking  Into  account  small-scale  turbulence; 
c)  diagram  of  dispersed  "mlcrovol ume"  burning  fronts. 


where  LQ  ~  —  scale  of  the  temperature  nonuniformities  in  the  center  of  the 

burning  zone; 

i 

o  ~  u  —  scale  of  width  of  bur  ing  zone  (exact  definitions  of  scales  n  and 
Lq  are  given  In  §§  and  5  of  the  present  chapter  ) . 

From  this  relationship  It,  Is  clear  that  increase  of  burning  rate  is  determined 

i  i 

not  simply  by  the  magnitude  of  turbulent  velocity  u  ,  but  by  its  gradient  u  /l£, 
(other  kinetic  factors  being  equal).  However,  if  this  Is  so.  It  is  necessary  to 
remember  immediately  that  the  main  contribution  to  the  magnitude  of  the  mean-squar^ 
gradient  of  turbulent  velocities  is  given  not  by  eddies  of  the  macrostructure,  but 
by  eddies  of  the  microstructure  (see  Chapter  IV).  Therefore,  Shchelkln*s  scheme 
should  be  supplemented  by  local  distortions  of  the  burning  surface  (Fig.  5.10b). 

For  local  hydrodynamic  distortions  of  isotherms  of  the  burning  front,  the  Ideas  of 
tihchelkin  about  balancing  of  these  distortions  by  molecular  diffusion  and  kinetics 
remain  valid.  Therefore,  1'  Is  possible  to  write  the  following,  using  geometric 
considerations  of  dimensional  considerations: 


T*  ■  —  —  characteristic  time  scale  of  burnings 

aT  —  characteristic  width  of  burning  front. 

Behavior  of  the  scale  oT,  which  is  determined  by  the  width  of  the  profile  of 
average  temperatures ,  is  quite  complicated,  since  it  is  determined  by  the  sum  of 
two  scalest  a  scale  of  the  same  type  as  that  of  the  preheating  zone  for  a  laminar 
front  on  +  vo^0^Tx>  and  of  the  scale  of  the  buming  zone  cQx  ~  uT.  For  a 

turbulent  front  which  is  close  to  laminar  (uT~  uu),  scale  o  can  change  proportionally 
to  Xq.  Thus,  relationship  (5.26)  is  reduced  to  the  relationship  given  for  the  first 
time  by  Shchelkin  [3]i 


For  a  developed  fine  structure  of  turbulence  (for  large  values  of  Up),  scale 
0  T  *  (°jj  %  oQx)  remalns  approximately  constant.  Relationship  (5.26)  will  then  be 
written  in  the  approximate  form 


r - m*-7i  .«*•* 


since 


and  o  —  a'. 


The  diagram  shown  in  Fig.  5.10b  also  specifies  a  certain  role  played  by 
small-scale  turbulence  in  the  ratio  iPj,/uH,  whose  value  increases  in  time.  Complete 
negation  of  this  role  on  the  basis  of  the  experimental  fact  of  constancy  of  the- 
quantity  uT  for  times  larger  than  ot/ut  logically  leads  to  another  extreme  diagram, 
which  is  given  in  Fig.  5.10c.  According  to  this  diagram,  large-scale  turbulence 
freely  carries  elements  of  the  burning  surface  in  various  directions  with  velocity 
much  higher  than  the  speed  of  forming  of  the  burning  front  on  lateral  surfaces  of 
the  type  b-a  (the  quantity  uT  on  elements  of  b-a  is  practically  equal  to  zero), 
and  determines  mainly  the  rate  of  increase  of  the  scale  of  the  burning  zone  aim 

the  furbulent  burning  front  is  formed  on  elements  of  the  type  1  -l ,  which 
determine  the  magnitude  of  the  mean-statistical  scale  s  . 

Inside  of  the  front,  the  character  of  burning  can  le  conditionally  represented 
according  to  the  diagram  of  Shchetinkov  (Fig.  5.11b),  if  on  the  characteristic  :ri 
of  the  reacting  volume  we  take  not  the  scale  of  the  mac  root  rue  tui  >  lui  the 
characteristic  scale  of  the  microstructure  Xy,  and  instead  of  "volume  burning"  use 


J 


1 


the  idea  of  "microvolume  burning."  Analysis  of  the  obtained  system  of  equations 
shows  that  the  condition  for  existence  of  a  stationary  turbulent  front  has  the  form 
XQ  2  aff  Its  physical  meaning  is  analogous  to  the  physical  meaning  of  the  condition 
for  ignition  of  a  fresh  mixture  by  a  hot  volume  of  dimension  \q  (see  Chapter  III), 

If  formation  of  the  burning  front  occurs  in  the  vortex  sheet  on  the  boundary  between 
the  incident  flow  and  the  recirculation  zone  after  the  stabilizer  (flame  holder), 
then  this  condition  turns  out  to  be  the  criterion  of  stabilization,  which  was  given 
for  the  first  time  in  works  of  DeZubay  and  Khitrin-Gol* denberg: 


or 


..D* 


>  const. 


If  we  apply  this  condition  to  the  scale 


for 


turbulence  of  the  incident  flow,  we  will  obtain  the  limit  of  existence  for  the  rate 
of  turbulent  combustion  for  increase  of  turbulence  of  the  flow  without  limit. 


t>) 


Fig.  5.11.  Models  of  burning,  a)  model  of  surface 
burning  for  strong  turbulence  (according  to  data  of 
Shchelkin) ;  b)  model  of  volume  burning  (according 
to  Shchetinkov) .  1  —  fresh  mixture,  2  —  intermediate 

products,  3  —  combustion  products. 

Large-scale  distortions  of  the  burning  surface  piay  a  fundamental  role  in  the 
magnitude  of  uT  in  the  absence  of  a  microstructure  of  turbulence  for  very  small 
Reynolds  numbers  and  partially  for  large  Reynolds  numbers.  In  the  latter  case,  this 
influence  can  be  considered  as  a  correction  to  the  main  influence  of  the  micro.:)  ruei  u-e 
of  turbulence.  At  very  small  Reynolds  numbers  it  is  possible  to  use  the  concepts: 
burning  surfaces  and  normal  velocity  of  propagation  of  an  element  of  the  surface 
through  the  fresh  mixture  T ,  disregarding  thus  the  influence  of  scale;  of 
turbulence  which  are  smaller  than  or  equal  to  the  instantaneous  width  of  'he  burnin 
front.  Relationship  (5.21)),  which  is  correct  with  regard  to  its  formal,  mn' heinai  1  ■•a  1 
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basis,  turns  out  to  be  nonapplicable  to  a  real  turbulent  flame,  first  of  all  because 
It  is  impossible  to  consider  the  value  of  uH#Tto  be  constant  over  the  burning 
surface  and  equal  to  the  quantity  uH  (due  to  the  effect  of  fast  extensions  of  the 
burning  surface  by  large-scale  eddies). 

Simple  calculations  show  that  the  mean  value  of  u„  0'rer  the  burning  surface 
for  undeveloped  turbulence  can  be  noticeably  less  than  the  value  of  u  .  For 
instance,  if  we  take  experimental  values  of  uT  measured  for  a  very  weak  intensity 
of  turbulence,  then  they  turn  out  to  be  close  to  corresponding  values  of  u  ^see 
Table  5.1).  Estimation  of  the  average  relative  burning  surface  for  these 
experiments  (according  to  direct)  measurements  of  the  burning  surface  with  a 
resistance  thermometer  [9 ] >  by  Toepler  photography,  etc.)  gives  value  noticeably 
larger  than  unity,  so  that  the  quotient  obtained  from  division  of  the  real  quant  11, y 
u.,  by  thereal  quantity  (ds/dy*  dz)  gives  values  of  u  which  are  noticeably  smaller 
than  the  quantity  u^  Thus,  the  more  accurately  we  measure  this  surface,  taking 
into  account  its  smaller  and  smaller  distortions,  the  smaller  the  value  of  u 

H.T 

which  will  be  obtained.  If  in  the  consideration  of  small  distortions  we  further 
include  local  distortions  of  the  surface  by  the  microstructure,  we  will  arrive 
mathematically  at  an  infinitely  large  burning  surface  with  infinitesimal  value  of 
uH>T  on  it. 

From  the  given  simple  reasoning,  it  is  clear  that  application  of  relationship 
(5.24)  to  a  real  turbulent  flame  at  best  gives  instead  of  one  unknown  quantity  u,r, 
two  unknown  quantities:  ( ds/dy  dz)  and  uH  T  ;  neither  of  these  has  by  itself  an 
exact  physical  determination  without  determination  of  the  other  parameter,  although 
mathematically  it  is  possible  to  construct,  with  various  degrees  of  accuracy,  an 
infinite  set  of  surfaces  and  an  infinite  set  of  corresponding  values  of  u  .  The 

H  •  T 

limitations  of  relationship  (5.24)  indicate  the  necessity  of  application  in  practice 
of  the  more  general  relationship  (5.20),  and  of  introduction  of  better  defined 
concepts  in  practice. 

If  local  fluctuations  of  temperature  inside  a  single  burning  front  are  much 
less  than  the  characteristic  interval  of  temperatures  of  the  reaction  zone,  or  are 
completely  absent  for  the  limiting  mechanism  of  surface  burning,  then  for  description 
of  the  influence  of  large-scale  turbulence  on  the  quantity  u^.  ,  It  Is  possll  le  to 
use  the  spectrum  of  values  of  scales  o^.  Scale  can  be  determined  as.  the 

Instantaneous  value  of  width  of  a  single  front  along  the  x-axis,  orvurrln*  on  the 


• 

characteristic  temperature  interval,  where  practically  the  entire  rate  of  heat 
release  is  concentrated.  For  a  laminar  front  0qx  «  ojj.  The  instantaneous  value  of 
can  be  not  only  larger  than  the  value  of  c^  due  to  deflection  of  the  normal  of 
the  instantaneous  element  of  the  burning  surface  from  axis  x,  but  less  than  the 
value  of  Ojj  due  to  rapid  extensions  of  the  burning  surface.  Investigation  of 
statistics  of  the  spectrum  of  values  of  cQx  in  various  regimes  of  burning,  for 
instance  with  the  help  of  an  ion-sensitive  element,  would  be  very  useful  for  deeper 
study  of  the  nature  of  turbulent  burning.  For  practical  calculations,  it  is  possible 
to  use  the  mean-statistical  value  Oq^. 

Calculations  show  that  the  mean  value  aQx  remains  constant  throughout  the  depth 
of  the  burning  zone.  An  example  of  such  a  calculation  for  a  laminar  model  is  given 
in  work  [9],  where  there  is  shown  the  constancy  of  values  of  a n/0Ox  =  cos(n»  x) 
throughout  the  depth  of  the  zone,  when  the  laminar  burning  surface  is  represented 
in  a  simplified  manner  only  in  the  form  of  two  random  sine  curves.  For  a  continuous 
spectrum  of  distortions  of  the  burning  surface,  taking  into  account  all  its  local 
distortions,  the  constancy  of  the  average  scale  ~qx  throughout  the  depth  of  the 
zone  will  be  fulfilled  with  still  higher  accuracy. 

Besides  by  the  average  scale  9uantlty  UT  also  determined  by  the 

average  number  of  fronts  intersected  by  the  x-axls  through  the  depth  of  the  burning 
zone.  This  number  may  be  called  the  degree  of  non-single-valuedness  of  the  burning 
surface  and  designated  by  the  letter  a.  The  relation  between  the  mean-statistical 
integral  scale  aQ  in  formula  (5.22)  and  scales  cQx  will  be  determined,  obviously, 


by 


( 5 . 2 '« ) 


The  value  of  uT  will  then  be  determined  from  (5.22)  in  the  form 

It,  a:  U.flJu/ff,.  (5.22a) 

In  the  limiting  case  of  a  strongly  distorted,  but  laminar  burning  surface 
(Oq  -  Oj j)  (f  ig.  5.11a)  the  quantity  uT  will  depend  on  turbulence  practically  only 
from  the  quantity  a,  l.e,,  it  will  be  proportional  to  the  degree  of  non-single- 
valuedness  of  the  burning  surface: 

af»a>«r  (5.221  ) 

According  to  (5.22b),  the  quantity  u_  will  be  as  many  times  greater  than  u„,  ns  the 
average  number  of  intersections  of  the  burning  surface  by  the  x-axis  is  greater  than 
unity. 
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The  mean  value  of  a  when  it  does  not  considerably  exceed  unity  (more  exactly, 
when  it  is  less  than  three)  can  be  determined  by  the  simple  relationship 

5-l(!-PJ+3.P.«I  +  2P„ 

where  P„  —  probability  of  encounter  of  triple  intersections  of  the  x-axis  with  the 

GL 

burning  surface. 

Relationship  (5.22a)  will  be  written  in  the  form 

“  ■■  ( 1  +  2P«)  —  •  (5.22c) 

■■  •« 

The  parameter  u^  T  introduced  above  can  now  be  given  a  clearer  physical 

definitions 

*W*«*J*..  (5.2J.b) 

Formula  (5.22a)  can  now  be  written  ass 

—  (l  +  2Pj)«fcT  —  a.|ifcT.  (5.24a) 

When  a  has  a  large  value,  it  is  possible,  when  necessary,  to  express  it  In 
terms  of  the  average  number  of  rotations  of  an  eddy  during  the  time  of  its  passage 
through  the  burning  zone,  and  in  terms  of  the  average  number  of  eddies  of  the 
macrostructure  per  unit  area  of  the  average  area  of  the  burning  surface.  However, 
as  before,  the  quantity  oQx,  which  during  large  and  fast  increase  of  the  burning 
surface  and  in  the  absence  of  eddies  of  the  microstructure  may  be  considerably  less 
than  the  value  of  a^,  remains  unknown.  However,  there  is  possible  another,  more 
convenient,  practical  approach  to  determination  of  u^,  when  macro-  and  mic  ro-st  ru  ■  turf 
have  identical  value,  or  when  the  predominant  influence  on  Uj,  remains  after  the 
macro-structure  of  turbulence.  In  such  a  case  it  does  not  make  special  practical, 
sense  to  separate  the  parameters  a  and  a0x  from  each  other  (in  certain  cases  Mils 
may  be  impossible  in  practice).  It  is  much  more  convenient  to  use  the  initial 
integral  scale  oQ,  which  may  be  determined  by  relationship  (5.20b)  and  Oj,  for  Un 
laminar  front.  Analogous  scales  YMtT  and  Yu  were  introduced  in  Chapter  IV  for  the 
case  of  diffusion  without  burning,  and  there  is  defined  the  coefficient  of 
accelerated  molecular  diffusion  L^jT  according  to  the  relationship 

(  ,,n 


where 


*\l.T  +  ^1  —  effective  coefficient  of  molecular  diffusion  in  a  turl  nlf'nl  flow. 


The  influence  of  large-scale  turbulence  on  scales  and  (Yy  +  Yy<T)  will  be 
to  a  gr  ar.  degree  analogous,  with  accuracy  up  to  the  time  factor  of  burning  tx»  In 
development  of  the  burning  surface  by  large-scale  turbulence  (in  the  statistics  of 
scales  Oqx  and  aQ),  the  factor  tx  plays  an  unimportant  role  (§  4,  Chapter  V). 
Therefore,  applying  for  a  turbulent  flame  the  well-known  considerations  of  dimensional 
theory,  which  are  analogous  to  those  for  a  laminar  flame,  we  can  write 


V[Da+ Du.  ■,(*)]*  and 


or 


(5.27a) 


where  tx  *  Pi^icp  /“max  —  dimensional  parameter  of  burning  time,  which  is  identical 
i:  both  turbulent  and  laminar  flow. 

By  substituting  (5.27)  in  (5.22),  we  will  obtain  a  relationship  which  in  form 
is  analogous  to  the  well-known  relationship  of  Damk’dhler,  Shchelkin  and  Zel'dovich 

[2],  [U]: 


•• 


1  + 


Atr'W 

Du 


(5.28) 


However,  in  the  given  expression  there  stands  not  the  general  coefficient  of 
turbulent  transfer  DT,  but  the  coefficient  of  accelerated  molecular  diffusion  DU>T. 
Formula  (5.28)  relates  the  value  of  uT  to  the  unique  parameter  of  turbulence  DM>T, 
which  can  be  determined  experimentally  (see  Chapter  IV). 

Relationship  (5-28),  in  light  of  its  derivation,  should  always  be  valid:  for 
large-  and  small-scale  turbulence,  and  for  large  and  small  Reynolds  numbers. 

However,  it  is  most  well-founded  physically  to  apply  it  to  the  case  of  only  large- 
scale  increase  of  burning  rate,  or  for  the  case  of  sluggish  (not  frontal)  burning, 
when  the  turbulent  factor,  expressed  in  terms  of  paraneter  Dy>T,  will  be  dominant, 
in  determination  of  scale  oQ,  and  not  the  kinetic  factor,  determined  by  parameter 
t x ,  so  that  the  influence  of  factor  tx  on  the  form  of  function  DU>T  can  be  disregarded. 
Let  us  note  that,  in  general,  parameter  DU>T  (t  )  is  a  function  of  burning  time  r  . 

This  means  that  stationarlty  of  burning  can  occur  before  the  value  of  Du>T(t) 
becomes  constant  in  the  process  of  turbulent  diffusion.  In  other  words,  in  the 
process  of  turbulent  diffusion  without  burning,  the  quantity  DM  T(t)  is  determined 
In  time  by  ali  eddies  of  the  flow,  whereas  the  value  of  Du>t(tx)  and  uT  are 
determined  by  the  small-scale  part  of  turbulence,  which  is  comparable  In  scale  with 
the  average  width  of  a  single  burning  front  oT. 
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§  4.  PARAMETERS  OF  A  TURBULENT  FLAME 


Let  us  consider  again  the  simple  case  ol'  a  one-dimensional  cone  of  turbulent 
burning  with  plane  (at  the  initial  moment)  interface  between  fresh  mixture  and 
combustion  products.  At  the  first  moment,  formation  of  the  burning  zone  (front) 
occurs  Just  as  in  a  laminar  front.  At  a  certain  moment  there  will  start  distortion, 
deformation  and  widening  of  the  instantaneous  burning  front  by  the  smallest  eddies. 

With  passage  of  time  there  will  start  to  act  larger  and  larger  eddies.  Eddie.: 
with  scales  larger  than  the  instantaneous  width  of  the  burning  front  not  only  deform 
the  burning  "surface",  but  also  transfer  its  elements  as  a  whole  in  both  directions 
from  its  average  position.  Thus,  it  is  always  possible  to  distinguish  two  scales 
of  linear  dimension  of  the  turbulent  burning  zone:  the  average  width  of  the  entire 
zone  of  turbulent  burning  —  scale  a,  which  determines  the  average  amplitude  of 
oscillations  of  the  instantaneous  burning  layers  (fronts)  at  the  moment  of  time  t, 
and  the  total  average  width  of  the  burning  front  —  scale  o„.  By  scale  Oq  we  may 
understand  the  integral  scale  through  the  depth  of  the  one-dimensional  zone,  will "h 
is  occupied  by  a  characteristic  interval  of  temperatures  where  practically  all  of 
the  heat  release  is  concentrated. 

In  the  given  examination  it  is  not  important  what  is  concealed  in  the  scale  c  ; 
several  laminar  fronts  or  one  widened  (by  the  microstructure)  turbulent  front. 

In  virtue  of  the  well-known  experimental  fact  of  stationarity  eg  the  rate  of 
turbulent  combustion  (for  times  greater  than  o^/uj. ,  under  the  condit  ion  of 
homogeneous  turbulence),  scale  oQ,  according  to  condition  (5.22),  will  also  be 
stationary.  On  the  other  hand,  at  present  the  experimental  fact  of  non-st  at  i  otiarl I  y 
of  the  width  of  the  turbulent  burning  zone  is  well-known  (non-r.tationarity  of  scale 
a).  Due  tc  its  continuous  increase,  scale  o  will  in  time  become  much  larger  tire 
scale  Oq.  Estimation  of  scale  aQ  according  to  relationship  (5.22)  (even  if  w»-  ice 
greatly  exaggerated  values  of  uT,  measured  at  the  extreme  boundaries  of  the  flaim  ) 
gives  values  measured  in  millimeters,  whereas  values  of  the  scale  o  for  times 
>o^/u  (u  is  the  scale  of  turbulent  velocity)  are  measured  for  large-scale 
combustion  chambers  (slOO  mm)  in  tens  of  millimeters.  Therefore,  in  a  certaii  sense, 
if  we  consider  only  the  condition  Jq/  t<>  .1 ,  we  can  speak  ol'  a  burr  ing  "  sur  face . " 
Subsequently,  the  non-statlonarity  of  wicth  of  the  turbulent,  burning,  rone  (.-.cale  •) 
will  be  important. 


Let  us  show  that  the  width  of  the  zone  will  always  he  a  non-stationary  quantity 

i 

in  principle,  even  in  the  limiting  case  u  =  u  »  u  ,  ii‘  only,  of  course,  t-  >  on 

T  H  Ji  U 

(igj  will  he  respectively  the  integral  scales  of  turbulence  of  Euler  and 

Lagrange;  see  Chapter  IV).  Let  us  quantitatively  define  the  scale  of  the  zone  a 

as  the  root-mean-square  deflection  of  an  element  of  the  "surface"  from  its  mean 
* 

position.  Let  us  multiply  the  instantaneous  deflection  of  an  element  of  the 

t 

"surface"  cr  by  the  speed  of  its  deflection  from  its  average  position  u(t) 

at  the  time  t.  by  a  turbulent  eddy,  through  which  the  given  element  of  the  burning 
surface  passes;  we  will  obtain  after  averaging  an  equation  analogous  to  Taylor's 


equation  (see  Chapter  IV): 


i 

>  j*  u  (/)  u  (/;)  dt. 


(5.29) 


Tt  is  possible,  when  necessary,  to  connect  the  correlation  function  standing 
under  the  integral  sign  in  (5.29)  with  correlation  functions  of  Euler  and  Lagrange 
[6],  [23]  by  a  series  of  hypotheses;  however,  only  the  considered  limiting  case  is 
of  practical  interest  (for  estimation  of  the  smallest  of  the  possible  values  of  c)  . 

If  the  time  of  passage  of  the  burning  surface  through  the  eddy  ~l£/uT  is  sufficiently 
small,  the  field  of  turbulent  velocities  will  practically  not  change  during  that 
time,  so  that  equation  (5-29)  can  be  written  approximately  as 


for  /</e/«T 


(5.29a) 


(5.29b) 


After  integration  of  (5.29b)  we  will  obtain 


~  4  - 1  (  wo  assume  that 

a.  ' 


♦This  definition  is  understandable  for  the  given  particular  case  (uT  «=  Ujj  »  . 

when  the  burning  surface  is  known  to  be  single-valued.  In  the  general  case  of  a 
many-valued  surface,  scale  o  can  be  given  a  more  general  definition,  by  defining 
scale  o  as  the  root-mean-square  deflection  (in  a  given  direction)  of  an  element  of 
volume  of  ('as  in  the  zone,  including  those  volumes  in  which  elements  of  the  burnii 
"surface"  are  located. 
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If  we  consider  that  (according  to  the  data  of  Taylor  and  Townsend,  see  Chapter  IV) 

«*  2 1^.  According  to  our  estimates  in  technical  pipes,  the  coefficient  at  l  ^  is 

still  larger. 

What  conclusions  follow  from  these  relationships? 

1.  No  matter  how  large  the  ratio  uT/u  is  the  width  of  the  zone  will  always 
be  a  non-stationary  quantity. 

2.  For  values  of  uT  <  2u  ,  the  turbulent  burning  zone  expands  practical  Ly  Just 
as  the  zone  of  turbulent  displacement. 

In  high-speed  flows  at  usual  levels  of  intensity  of  turbulence  (~cj  to  20$) ,  the 
quantity  uT  (if  it  is  measured  correctly)  never  exceeds  the  value  of  2u  (for  hydro¬ 
carbon-air  mixtures),  so  that  it  is  possible  to  disregard  the  effect  of  motion  of  the 
zone  with  average  velocity  uT  through  the  fresh  mixture,  considering  that  expansion 
of  the  zone  occurs  just  as  during  turbulent  diffusion  of  two  neutral  gases:  a  ’Void" 
gas  and  a  "hot"  gas. 

At  the  initial  moment  of  time,  the  field  of  turbulent  velocities  is  continuous 
and  uniformly  over  all  of  space,  and  the  field  of  pulsational  velocities  induced  by 
motion  of  the  burning  "surface"  (autoturbulence)  is  obviously  equal  to  zero.  There¬ 
fore,  at  first  diffusion  of  the  zone  will  occur  with  the  coefficient  of  diffusion  D 
of  the  fresh  mixture  which  is  assigned  at  the  initial  moment.  During,  Intense  burning 
for  calculation  of  fields  of  temperatures,  this  value  of  DT  will  be  fully  sufficient 
(experiment  confirms  this),  since  the  flame  will  be  Joined  with  the  flame  proce.  ting 
toward  it  or  with  the  wall  of  the  pipe  before  the  width  of  the  zone  becomes  so  t  i 
that  it  affects  the  magnitude  of  DT.  During  unlimited  propagation  of  the  flume  m. 
unbounded  space,  the  extent  of  the  burning  zone  can  become  so  great  that  it  will 

p 

become  necessary  to  consider  the  change  of  magnitude  of  Ido  /dt  -  DT  over  the  depth 

of  the  zone:  first,  due  to  the  possible  space  heterogeneity  of  turbulence  of  the 

Incident  flow  of  fresh  mixture,  and,  secondly,  due  to  t.he  possilh  additional 

pulsations  of  velocity  induced  in  the  burning  zone  by  the  strongly  distorted  bur* -tug 

surface  (autoturbulence).  Therefore,  in  general,  the  value  of  D„  should  be  conslderc 

to  be  a  continuous  function  of  space  coordinates,  and  there  should  le  taken  into 

account  possible  anisotropy  of  turbulence,  by  considering  the  matrix  of  valuer. 

( ij  =  1,  2,  3),  possible  changes  of  uT  under  the  condition  »  u  ,  etc. 

•Even  if  it  is  considered  that  the  field  cf  turbulent  velocities  has  a 
discontinuity  at  the  initial  boundary,  in  this  case  the  value  of  DT  In  formula 

(D.29)  corresponds  to  the  Held  of  turbulent  velocities  of  the  fresh  mixture,  sines 
deflections  of  elements  of  the  burning  surface  from  their  average  positions  are 
specified  by  turbulent  displacements  of  the  fresh  mixture. 


.J. 


- — • 


However,  In  the  overwhelming  majority  of  cases  of  burning  in  high-speed  flows,  the 
problem  is  reduced  to  turbulent  transfer  in  one  direction  (transverse  to  the  main 
flow),  and,  as  experiment  shows,  and  also  analysis  of  relationships  (5. 29),  is 
practically  completely  determined  within  the  limits  of  existing  chamber  lengths 
(observation  times)  by  the  transverse  component  of  the  coefficient  of  turbulent 
transfer  DT  of  the  incident  flow  (taking  into  account  its  heterogenity  transverse 
to  l.he  flow) . 

We  will  dwell  in  greater  detail  on  experimental  confirmation  of  the  obtained 
conclusions.  In  Fig.  5.^  and  5.1?  there  are  given  the  average  boundaries  and 
scales  (variance)  of  a  flame  after  a  "point"  burner  in  an  open  flow,  which  were 
m  0  calculated  according  to  fields  of 


a 

a 

rr 

c 

V 

r 

c 

2 

i 

□ 

a 

■ 

m 

a 

2 

a 

a 

V 

2 

a 

■ 

a 

■ 

□ 

* 

a 

a 

52 

4 

E 

ai 

E 

□ 

VI 

m 

i 

a 

■ 

ta 

m 

w 

4 

■ 

i 

5 

a 

a 

■ 

■ 

* 

m 

il 

m 

4 

a 

a 

a 

■ 

a 

V 

□ 

12 

4 

a 

( m 

a 

a 

a 

* 

4 

E 

4 

■ 

a 

a 

?i 

a 

f! 

* 

a 

■1 

m 

a 

irj 

0 

a 

y 

* 

m 

Si 

a 

i 

■ 

a 

a 

a 

rg 

a 

■1 

■ 

□ 

□ 

a 

Fig.  5.12.  Distribution  of  average 
a(x)  and  variance  o2  of  a  flame  after  a 


Impact  pressures  by  Lushpa  and 
Vlasov.  It  is  clear  that  the 
average  boundaries  change  with 
change  of  velocity  and  mixture 
ratio,  but  scale  a  does  not 
depend  on  velocity  and  mixture 
ratio.  According  to  data  of 
Lushpa  obtained  with  the  help  of 
a  hot-wire  anemometer,  the 
intensity  of  turbulence  of  the 


point  burner: 

According  to  data  of  Vlasov,  v  =  45  m/s ec. 

A  a  =  1.1, 

A  a  =  0.9. 

According  to  data  of  Lushpa,  at  v  =  28  m/sec. 
•  a  =  1.3, 

J  a  =  1.1, 

□  a  =  0.9. 


cold  flow  in  the  region  of  the 

i 


flame  was  equal  to  u  •  100/v  - 
=  1  to  2%.  Values  from  calculat Ion 
of  o(x)  according  to  the 
relationship  (9.29a)  also  lie  in 
the  same  range. 


Data  of  Lushpa  indicate  that  a  is  a  purely  hydrodynamic  parameter,  not 
lependlng  on  the  burning  parameter  Uj.  ,  but  determined  only  by  parameters  of 
turbulence  of  the  Incident  flow,  even  at  uT  ~  uH  noticeably  larger  than  2u  . 

Data  of  Vlasov  were  obtained  In  a  flow  after  a  turbulence-generating  grid  with 
Intensity  of  turbulence  ~5%  (the  same  value  is  obtained  from  calculation  according 


p 

to  o  ( x ) ) .  Comparisot  of  the  function  Y  (variance  in  the  (told  flow)  measured  such 


grid  with  function  shows  that  within  the  limits  of  a^urac;/  of  men. su  resent  s, 
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these  functions  coincide.  Vlasov  processed  data  on  the  scale  of  width  of  the  zone 
which  were  obtained  by  him  with  the  help  of  an  ion-sensitive  element.  Due  to 
the  method  of  their  measurement,  these  data  are  less  exact,  but  are  interesting 
because  of  the  fact  that  they  cover  a  much  wider  range  of  velocity,  mixture  ratio, 
distance  from  the  burner  and  pipe  diameter.  In  all  cases,  a  flow  with  natural  level 
of  pipe  turbulence  was  incident  on  the  pipe  (see  Chapter  IV)  s 

«'•  100/oss  5H;  D-t'v  djf  *  0.001. 

If  we  consider  the  approximate  relationship  existing  between  scales  6T  and  o  (1], 
we  can  plot  all  data  in  dimensionless  coordinates  on  one  graph,  which  practically 

— p 

completely  coincides  with  the  dimensionless  function  Y  for  pipe  turbulence  (Pig. 
5«1?)»  i.e.,  on  all  lengths  of  the  flame  scale  a  interesting  in  practice  is 
completely  determined  by  turbulence  of  the  incident  flow. 

We  will  briefly  summarize  the  essence  of  the  above  presented  ideas,  emphasizing 
what  their  fundamental  distinctions  from  the  first  ideas  of  Shchelkin  [3]  and 
subsequent  ideas  of  Karlovitz,  Scurlock,  Wohl,  and  others  [6],  (17],  [18],  [231, 
consist  of. 


Fig.  5.13.  Dependence  of  width  of  burning  zone 
on  the  distance  from  the  ignition  source  (data 
of  Vlasov  on  o) : 

v  =  35-75  m/sec,  «  =  0.5-1.3,d  =  150-200  mm. 

TF  _____ 

1  —  Calculated  data  of  Prudnikov  on  yllL- 
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The  process  of  turbulent  burning  in  combustion  chambers  of  air-breathing  .let 
engines  is  first  of  all  a  process  of  turbulent  (mechanical)  mixing  of  volumes  of 
fresh  mixture  and  combustion  products,  and  then  of  burning.  In  development  of  the 
width  of  the  burning  zone,  the  turbulent  side  of  the  process  dominates  over  the 
kinetic  side,  and  is  the  controlling  factor.  Shchelkin  [2],  (3]  initially  assumed 
that  the  kinetic  side  of  the  process  and  the  diffusion  (side  turbulent)  were  in 
equilibrium.  Due  to  this,  the  width  of  the  turbulent  burning  zone  o  is  a  stationary 
magnitude,  determined  by  the  equality  between  the  time  of  turbulent  motion  of  a 
mole  and  the  time  of  existence  (combustion)  of  a  fresh  mole  ejected  by  the  turbulent 


motion  into  the  burning  mixture: 


* 


(5.30) 


The  ideas  developed  for  the  first  time  by  Shchelkin,  as  was  noted  in  §  3, 
Chapter  V,  to  a  certain  extent  are  applicable  to  the  process  occuring  in  a 
burning  microzone. 

Our  ideas  to  a  certain  degree  coincide  with  ideas  of  Scurlock,  Wohl,  Grover, 

Karlovitz  and  others,  but  there  are  fundamental  differences.  Scurlock  and  Wohl 

start  with  a  specific  conditional  picture  of  the  burning  surface,  which  has  constant 

# 

burning  velocity  over  the  surface,  and  give  on  the  basis  of  this  picture  a 
complete  list  of  all  conceivable  a  priori  effects  determining  the  width  and  average 
velocity  of  the  turbulent  burning  zone.  In  view  of  the  great  schematism  and 
conditionality  of  their  concepts  of  the  burning  "surface",  the  "accuracy"  of  their 
quantitative  estimates  of  all  effects  is  not  Justified,  and  in  a  number  of  questions 
causes  serious  objections  (consideration  of  autoturbulence,  mechanical  addition  of 
all  effects,  and  so  forth).  As  a  result  of  their  analysis  there  are  obtained  a 
large  number  of  effects,  and  all  of  them  turn  out  to  be  equivalent;  but  this  is 
incorrect.  As  experiment  shows,  there  is  only  one  decisive  effect!  turbulent 
diffusion,  which  is  assigned  by  the  turbulence  of  the  incident  flow. 


The  main  physical  error  of  these  authors  is  apparently  the  following.  The 
velocity  of  an  element  of  the  burning  "surface"  relative  to  the  fresh  mixture  is 
not  given  by  the  quantity  u  ,  but  is  obtained  to  be  whatever  turbulent  diffusion 

H 

‘Normal  velocity  with  respect  to  the  burning  "surface"  is  known  not  ;o  be 
constant,  both  due  to  the  existence  of  eddies  of  the  microstructure  smaller  than  the 


width  of  the  stationary  laminar  front,  and  due  to  the  presence  of  local  extension 
of  the  burning  "surface"  by  eddies  of  the  macrostructure,  with  speed  much  higher 
than  the  speed  of  formation  of  the  stationary  flame  front. 


causes  It  to  bes  at  some  points,  it  may  be  much  less  than  ;  at  other  points, 
much  larger  than  uH.  For  a  well-developed  microstructure  of  turbulence,  when  the 
internal  scale  of  turbulence  is  less  than  scale  a^,  it  makes  no  sense  in  practice 
to  talk  about  some  definite  element  of  the  burning  surface  having  a  definite 
velocity  of  the  type  of  Uj,  (§  3,  Chapter  V).  As  a  result,  the  mathematically 
accurate  reasoning  of  the  authors,  based  on  erroneous  physical  concepts,  led  to 
practically  unjustified  results. 

How  do  we  correctly  measure  burning  velocity  (Fig.  5.14),  taking  into  account 
the  non-stationarity  of  the  turbulent  burning  zone?  This  question,  obviously,  does 
not  occur  for  the  stationary  zone:  in  this  case,  starting  at  that  moment  when 

scales  of  the  burning  zone  and 
0  become  stationary,  the  speed  of 
all  statistically  averaged 
isotherms  will  be  identical,  and 
equal  to  the  speed  of  turbulent 
combustion. 

In  the  case  of  the  non¬ 
stationary  zone,  every  isotherm 
has  its  own  speed;  therefore, 
there  appears  the  question  —  which 
isotherm  speed  should  be  taken  as 
the  speed  of  turbulent  combustion? 
The  speed  of  turbulent  (laminar)  combustion  is  the  mean-statistical  volume  oi'  fr.  sh 

mixture  burning  per  unit  time,  and  referred  to  a  unit  area  of  the  average  posit!  >n 

* 

of  the  burning  surface.  The  last  stipulation  is  not  essential  for  the  laminar 
front,  inasmuch  as  average  and  instantaneous  positions  of  the  burning  front  coiu'ide. 
In  the  turbulent  burning  zone,  the  "burning  surface"  has  the  mean-statistical 
(average)  position  and  the  distribution  of  probabilities  of  the  instantaneous 
positions  of  the  burning  fronts  (with  variane  0  )  relative  to  the  average  posit  L01  . 
Thus  there  exist  two  characteristic  rates:  the  rate  of  increase  of  average  and  the 
rate  of  increase  of  the  scale  of  width  of  the  zone  a.  The  rate  of 

♦In  virtue  of  relationship  (5.20),  this  definition  is  Identical  to  the  following: 
the  speed  of  turbulent  combustion  is  the  average  speed  (at  infinity)  of  the  fresh 
mixture  incident  on  the  motionless,  on  ’.he  average,  zone  of  turbilent  combustion. 
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Fig.  5.14.  Determination  of  the  velocity  of 

turbulent  propagation  of  a  flame  uT  and  width 
of  the  burning  zone  6T. 

uT  ■  v  sin  a. 


increase  of  the  average  exactly  corresponds  in  its  definition  to  the  speed  of 
turbulent  comlustion.  In  order  to  find  the  average  position  in  practice  at  the 
time  t,  it  is  necessary  to  mentally  collect  all  mixture  burned  by  this  moment  at 
boundaries  assigned  by  the  initial  conditions.  If  the  initial  boundary  is  a  plane, 

then  -  on  one  side  of  a  plane  parallel  to  the  initial  plane;  if  the  initial 
boundary  is  a  sphere  (point),  then  —  on  one  side  of  a  sphere  equidistant  from  the 
initial,  etc. 

The  rate  with  which  the  characteristic  dimension  (normal  —  for  a  plane, 

radius  —  for  sphere,  etc.)  of  the  average  surface  increases  exactly  determines  the 

rate  of  decrease  of  the  volume  of  fresh  mixture  (in  the  coordinates  of  the 

motionless  fresh  mixture),  referred  to  the  entire  average  burning  surface  at  the 

time  t;  i.e.,  it  is  by  definition  the  rate  of  turbulent  combustion.  Such  a  practical 

operation  can  be  given  a  quite  simple  mathematical  expression,  if  it  is  considered 

that  the  distribution  of  probabilities  of  the  turbulent  displacements  of  volumes  in 

the  zone  of  turbulent  burning  obeys  the  law  of  Gauss,  This  assumption  is  first  of 

all  confirmed  by  experiment  (see  §  6,  Chapter  V).  It  also  finds  its 

explanation  logically.  For  diffusion  without  burning,  the  law  of  Gauss  is  well- 

known.  If  in  the  burning  zone  it  would  essentially  differ,  then  this,  in  the  first 

2 

place,  would  be  noticed  by  the  deviation  of  the  magnitude  of  variance  a  from  the 
magnitude  of  Y  ,  and  also  by  the  appearance  of  asymmetry  or  excess  of  the  actual 
probability  density  curve.  It  follows  directly  from  this  that  for  a  one-dimensional 
burning  zone,  the  rate  of  turbulent  combustion  is  determined  by  the  speed  of  the 
isotherm,  where  the  combustion  efficiency  is  equal  to  0.5.  The  one-dimensional 
zone  is  the  only  case  when  the  average  surface  is  determined  sufficiently  strictly 
by  an  isotherm  with  combustion  efficiency  0.5.  In  other  cases,  the  average  surface 
is  determined  strictly  by  integration  all  the  entire  profile  of  temperatures,  taking 
Into  account  change  of  average  speed,  mixing  in  the  submerged  stream,  and  so  forth 
(see  §  5,  Chapter  V). 

The  rate  of  increase  of  the  scale  of  width  of  the  zone  o  determines  the  speed 
of  turbulent  diffusion  of  "cold"  and  "hot"  gas,  which,  according  to  what  has  been 
said  above,  remains  practically  the  same  as  in  the  zone  of  mixing  without  burning. 

In  the  mixing  zone  the  speed  of  "isotherm  0.5"  is  equal  to  zero;  all  remaining 
isotherms  move  with  different  speeds  relative  to  this  isotherm.  The  further  from 


isotherm  0.5  an  isotherm  Is  advanced  Into  the  fresh  mixture,  the  higher  the  i  t  I 
with  which  it  moves  toward  the  fresh  mi>ture.  An  isotherm  located  from  "lsot  lit 
0.5"  at  a  distance  equal  to  scale  0  first  moves  with  speed  u';  an  isotherm  located 

a  distance  equal  to  two  scales  a  away  —  with  speed  2u'»  etc.,  to  infinity,  and  more 

« 

exactly  the  more  closely  the  extreme  branches  of  the  true  distribution  curve  of 
turbulent  velocities  correspond  to  the  Gaussian  distribution. 

In  the  practice  of  experimental  investigation,  there  is  applied  the  method  of 
measurement  of  burning  rate  according  to  the  "extreme"  boundaries  of  the  turbulent 

flame,  which  essentially  reduces  to  measurement  of  the  speed  of  some  "extreme" 

* 

isotherm.  By  measuring  the  speed  of  turbulent  combustion  according  to  "extreme" 

ft 

Isotherms,  experimenters  often  arrive  at  practically  complete  distortion  of  the 
physical  essence  of  the  studied  process. 

For  instance,  by  measuring  according  to  data  of  Lushpa  the  true  value  of  u,,  , 
it  is  simple  to  show  that  uT  close  to  uH  and  does  not  depend  within  the  range  of 
operating  conditions  on  u  (see  Fig.  5.1*)-  H  ,  however,  we  measure  the  burning 
rate  "along  the  extreme  boundaries  of  the  flame"  adding  thereby  the  large  value 
~3u*  to  the  constant  of  relatively  small  magnitude  uT  *  uH,  we  will  arrive  at  the  » 

conclusion  of  the  existence  of  direct  proportionality  between  burning  speed  and  the 
magnitude  of  turbulent  speed  u* .  In  distinction  from  the  value  of  uT,  speed 
determined  according  to  the  extreme  isotherm  will  be  called  the  speed  of  propagation 
of  the  turbulent  flame  and  will  be  designated  u*  . 

If  we  admit  the  possibility  of  coexistence  of  these  different  concepts  in  the 
practice  of  experimental  investigation  and  engineering  estimate.'  of  lengths  of 

combustion  chambers  of  air-breathing  Jet  engines  —  speed  of  propagation  of  tin 

1 

turbulent  flame  u T and  the  speed  of  turbulent  combustion  u_  —  we  should  consider 

1 

the  following:  the  speed  of  propagation  uT  formally  Includes  the  physico-cheml -a] 
parameter,  speed  of  turbulent  combustion  uT,  and  the  purely  hydrodynamic  parameter, 
speed  of  expansion  of  the  zone  of  turbulent  combustion. 

The  magnitude  and  properties  of  speed  of  propagation  are  determined  basical  l;, 
by  the  magnitude  and  properties  of  speed  of  expansion  of  the  zone,  including  here 
the  numerous  systematic  errors  connected  with  different  methods  of  Its,  measurernei;  1 
(thermocouple,  Pitot-static  head,  ion-sensitive  element,  photograph;, ) . 

The  speed  of  turbulent  combustion  uf[  is  usually  many  times  less  than  the  spec  1 

1 

of  turbulent  propagation  u,f.  There  is  not  eliminated  the  poss  1  „  1  l.i  1  y  ihai  in 
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pre-separation  regimes  (with  respect  to  mixture  ratio  or  pressure)  it  may  be  less 


than  t^.  The  magnitude  of  turbulent  velocity  of  the  incident  stream  turns  out  to 
be  more  than  sufficient  for  explanation  of  the  measured  values  of  without  « 
utilizing  the  concept  of  autotu^  ?f .  Indeed,  if  autoturbulence  does  not 
noticeably  influence  the  speed  nt  expansion  of  the  zone,  then  it  must 

not  be  high  for  the  average  s[  one. 

§  b.  DISTRIBUTION  \VERAGE  PARAMETERS  IN  THE  TURBULENT 

BURNING  ZONE 


Equations  of  Hydrodynamics  for  the  "Surface" 
Model  of  Turbulent  Burning 


Analysis  of  experimental  data  shows  that  the  scale  of  width  of  the  burning 
zone  i  increases  in  time,  and  the  scale  of  width  of  the  burning  front  oQ,  determined 
by  uT,  remains  practically  constant.  Due  to  this,  at  a  certain  moment  of  time 
( > ■'q/u  )  the  value  of  o  will  become  much  larger  than  oQ. 

Direct  observation  of  oscillograms  of  temperature  fluctuations  in  a  turbulent 
flame  which  were  conducted  by  Kokushkin  [9]  with  the  help  of  a  quick-response 
resistance  thermometer  experimen tally  confirm  this  conclusion.  In  this  case, 
during  determination  of  distributions  of  average  parameters  in  a  turbulent  burning 
zone,  it  is  possible  with  great  accuracy  to  disregard  the  probability  of  appearance 
of  intermediate  values,  and  to  write  average  parameters  in  the  fora 


7  -Ttt  +  V*  or,  since  Pi  +  Pf- t. 

y* —  fi  i~*ii  p 

T*-Tt  ""  H—H  "  * 


where  Pj ,  Pg  are  probabilities  of  appearance  of  volumes  of  fresh  and 

burned  mixture  respectively.  In  physical  meaning,  Pg 

is  nothing  else  but  the  physical  combustion  efficiency 
at  a  given  point  of  the  combustion  chamber; 

Tj  is  the  temperature  of  the  fresh  mixture; 

T2  =  ''xhm  ’  Tinax  the  temPerature  of  the  combustion  products. 

Temperature  of  combustion  products  Tg  can  be  considered  as  the  product  of 
maximum  adiabatic  temperature  of  the  burned  mixture  by  chemical  combustion 
efficiency  It  is  known  that  even  in  a  laminar  flame  front  the  temperature 

after  the  front  does  not  attain  its  limiting  value  at  once  for  many  reasons.  In 

Fig.  '..I1'  there  are  given  data  from  the  book  of  L.  N.  Khitrin  converted  to  values 

of  along  a  turbulent,  flame  in  a  high-speed  flow  (for  uT  =  0.9  m/sec  and 


v  -  40  m/sec).  Along  the  turbulent  flame  chemical  combustion  efficiency  ) 


changes  slightly.  For  actual  lengths  and  flow  velocities  of  a  homogeneous  flame, 
its  values  oscillate  from  0.85  at  the  beginning  of  the  flame  to  0.98  at  the  end  of 

the  flame  at  atmospheric  pressure  (see  Fig.  5.15). 

Thus,  the  problem  of  calculation  of  average  temperatures  in  the  turbulent 
burning  zone  is  reduced  to  determination  of  the  probability  of  appearance  of  "cold" 
or  "hot"  volumes  of  mixture  at  a  given  point  of  the  zone. 

The  system  of  averaged  equations  of  hydrodynamics  (see  §  2,  Chapter  V) 
for  the  "surface"  model  of  turbulent  burning  in  a  high-speed  flow  will  be  written 
in  the  form 

.5.  +  2S2L-0;  (5.  52a) 

M  T  »nt 

■&—T.  (9.52b) 


Fig.  5.15.  Distribution  of  chemical  combustion 
efficiency  along  the  flow  axis  of  a  Bunsen  burner 
(laminar  flame). 

Mixture  of  air  +29.6#  CO,  pre-heating  57t)°C.  = 

=  0.5  m/sec,  x  =  40  m/sec;  •  —  pressure  760  mm; 

0  —  pressure  402  mm;  O  —  pressure  508  mm;  □  —  pressure 
162  mm. 


The  influence  of  viscosity  appears  only  in  the  flame  front  (in  the  diccont.  InuJ  I  ,v ) ; 
therefore,  the  viscosity  term  in  (5.52b)  is  discarded.  Let  us  expand  the  i>*r:nn  of 
equations  (5.52a)  and  (5.52b).  Using  relationship  (5.6)  and  Praidt]'.-.  Hypothesis 
for  determination  of  turbulent,  dir  fusion  mass  flow,  we  will  obtair. 


(5.53a) 


P*l  —  pu,  -  <pt  —  pjHltji  -  -  Dt 

2 

where  DT  =  ^  ^ - coefficient  of  turbulent  diffusion; 

u  .;  IT.  ?  —  components  of  average  speed,  averaged  selectively  only  with 
1  1  respect  to  the  fresh  mixture  or  only  with  respect  to  combustion 

products. 

During  mixing  without  burning,  these  components  do  not  undergo  a  discontinuity 
on  the  instantaneous  interface  between  the  two  media,  so  that  it  is  possible  to 
write 

(5.33b) 

P  * 

1.  d  o  c 

The  physical  meaning  of  parameter  DT  =  -r  was  considered  in  §  4, 

Chapter  V  for  the  case  of  a  one-dimensional  turbulent  burning  zone.  As  was  shown 

p 

in  §  4,  variance  a  of  turbulent  displacement  of  the  burning  front  is  determined  by 
the  variance  of  turbulent  displacements  of  cold  volume  of  the  incident  flow. 

The  following  system  turns  out  to  be  equivalent  to  the  system  of  equations 
(5.31) ,  (5.32a  and  b) : 


(5.34a) 


■+ 


(5.34b) 


iVl 

where  =  -uT  —  rate  of  decrease  of  the  volume  of  fresh  mixture  per  unit 

surface  of  the  average  burning  surface  S  (rate  of  turbulent 
combustion); 

—  probability  density  of  appearance  of  the  burning  surface  at  a 
given  point. 

The  last  term  in  equations  (5.34a)  and  (5.34b)  are  written  only  for  a  single 
ignition  source  (single  flame).  Both  equations  constitute  the  mathematical 
formulation  of  the  law  of  cons ervation  of  the  assemblys  of  "cold"  and  "hot"  volumes, 
taking  into  account  the  source  (sink),  turbulent  diffusion  and  the  discontinuity 
of  selectively  averaged  speeds,  and  are  a  generalization  of  the  Kolmogorov  equations 
known  in  the  theory  of  stochastic  processes. 

Above  there  was  introduced  the  term  "selective  averaging,"  in  which  time 
averaging  at  an  arbitrary  point  of  space  is  carried  out  selectively:  only  in  those 
time  intervals  when  at  the  given  point  of  space  there  is  only  fresh  mixture  or  only 
combustion  products.  At  these  moments  of  time  there  are  satisfied  the  usual 
equation. •  of  hydrodynamics  for  an  isothermal,  incompressible  gas. 


In  particular, 


the  continuity  equations  averaged  selectively  vriil  take  the  form 

■fe.  ,iv  JSit 


-0. 


The  equation  of  conservation  of  energy  (5.52b)  averaged  selectively  will  give 
the  same  relationship,  since  ■  Fg  =>  0. 

We  will  show  the  identity  of  systems  (5.32)  and  (5.34).  Multiplying  the  first 
of  equations  (5.34)  by  and  the  second  by  pg,  and  adding  both  equations,  we  will 
obtain  with  the  help  of  relationships  (5.35)  the  continuity  equation  (5.52a).  If 
we  simply  add  equations  (5.34),  we  will  obtain  with  help  of  relationships  (5.31) 
the  equation  of  conservation  of  energy  (5.32b): 


Sujdx,-  +  (n-  1)0,*,. 

where 

<*- 

Solution  of  system  (5.34)  turns  out  to  be  in  most  cases  more  convenient  than 
solution  of  the  system  of  the  averaged  equations  of  conservation  of  mass  and  energy 
(5.32). 

Let  us  consider  a  series  of  simple  problems  whose  solutions  we  may  obtain 
with  the  help  of  analytic  integration  of  the  initial  system  of  equations  (5.32)  or 
(5.34). 


One-Dimensional  Burning  Zone 


The  average  boundary  between  the  fresh  mixture  and  combustion  products  is 
motionless,  and  is  taken  as  the  coordinate  plane  yOz. 

The  initial  system  of  equations  for  a  burning  one-dimensional  zone  will  be 
written  in  the  form 


f+£-o. 


where  p(x  -  Xq)  Is  the  probability  density  of  displacements  of  a  unit  volume  from 
point  xQ  to  point  x  in  the  time  t. 

The  value  of  average  density  will  be  determined  according  to  (5.8)  as 

•  • 

<?  —  P*)/Cp»  -  P:)  =  Pi-  Jp(*  -  xv)dX'^p(Qdl  ( 5 . 37 ) 
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From  (5.37)  it  follow:',  that  p(x)  =  -dP^/dx.  Substituting  this  value  in  the 
second  equation  (3.36)  and  integrating  the  latter  over  x  from  -oo  to  x,  we  will 
obtain  the  distribution  of  average  speed: 

•t 

From  (5.38)  and  (5.31)  it  is  clear  that  average  speed,  averaged  selectively 
only  with  respect  to  the  fresh  mixture,  gives  the  value  1^,  and  with  respect  to  the 
burned  mixture  -  the  value  u^/fg/Tj..  Thus  j7u  turns  out  to  be  equal  to 

pMm.pl-uT-DTjpdx,  (5.39) 


the  continuity  equation  will  take  the  form 


-D,-* 

«  *  di» 


or 


3P, 


Its  solution  gives  the  distribution  of  average  densities  (temperatures)  over  the 
depth  of  the  zone: 


<P - *).'<!>, - ri  -  (T,  - 1 tar, - Ti- i[i  -  ♦(-=-)]. 


where  <t>(— )  is  the  tabulated  function  of  the  integral  of  probability: 


*<y 


(5.^0) 


Distribution  of  Turbulent  Fluctuations  of  Speed 
li^  the  tiacrozone  of  Turbulent  Burning 

In  the  macrozone  of  turbulent  burning,  it  is  possible  to  distinguish  between 
turbulent  root-man  square  velocity,  obtained  by  selective  averaging  only  with 
respe  :t  to  the  fresh  mixture  \ u*.  and  the  corresponding  velocity  for  combustion 

products  In  general,  these  values  may  be  different  due  to  the  abrupt 

change  in  the  flame  front  (on  the  instantaneous  of  burning  surface)  or  due  to  the 
continuous  change  through  the  depth  of  the  macrozone  (for  very  large  diffusion  time) 
Besides  this  velocity,  there  further  exists  the  profile  of  "virtual  turbulent 
velocity,"  which  is  obtained  due  to  the  fact  that  at  a  given  point  of  the  zone  there 
appears  first  fresh,  then  burned  mixture  (each  of  them  has  different  selectively 
averaged,  average  speeds).  Indeed,  for  the  surface  model  of  burning,  the  total 
mean  square  value  of  velocity  fluctuations  can  be  written  (under  the  condition  of 
constancy  of  values  of  u^j  u0^  throughout  the  depth  of  the  zone)  in  the  form 


I1'.!)!  ) 


«? — *?  -  (■)*  -  5ii  P,  +  «L  Pa  -  [uuph + u%p2)* — 

■»  *u^i  +  **  p%  +  (*»  —  HuP'P  i'pa 
“  i  o  ~  •  2 

or  for  a  one -dimensional  zone.  If  =  u2  ,  In  the  form 

od)  + «,{«—! )P,P,  and  t ?*««»(— ®).  ('  .'(la) 


Thus,  even  If  the  field  of  turbulent  velocities  of  the  incident  stream  is 
homogeneous  and  isotropic,  the  field  of  pulsational  velocities  will  be  nonhomogene ou: 
and  anisotropic  throughout  the  depth  of  the  zone.  The  same  relationship  can  be 
obtained  directly  from  the  equations  of  hydrodynamics.  By  multiplying  the  equation 
of  conservation  of  energy  by  the  velocity  component  Uj  and  averaging,  we  wi^l  obtain 


or  for  a  one-dimensional  zone,  assuming  satisfaction  of  the  conditions 


0;  Tut—F oi-0. 


X  Ac 


n 


1  1 ) .  ^  ) 


(superfluous  indices  are  omitted).  We  will  find  the  form  of  the  norrelatiui  moment 
PTT.  Since  the  value  of  the  random  function  F  is  equal  to  zero  everywhere  except  on 
'he  discontinuity  surface,  then 

»(*£*-)  PM- r,w. 

(where  Tig  is  the  value  of  average  velocity  at  the  point  of  discontinuity). 

By  substituting  the  obtained  expression  of  the  moment  in  we  will  ol  tain 

after  integration  from  -o>  to  x,  taking  into  account  the  boundary  condition  at  I 
relationship  (5.37), 

;*.l^_i>*(_OD)-r«T,(«*-|)PJ.P|.  (  .V.) 


It  is  simple  to  see  that  relationships  (5. ill)  and  (3  .^3)  are  identical.  Ana]  pour, 
relationships  can  be  considered  for  more  complicated  cases. 

Analysis  of  existing  experimental  data  on  the  distribution  of  fluctuating 
values  of  velocity  in  a  turbulent  flame  on  the  basis  of  the  given  equations  ft  II -n't 
the  fact  that  the  observed  distributions  of  fluctuating  vlo-itl'.'  It,  a  t  in  Wit 
flame  and  in  combust  ion  products  can  be  explained,  by  only  two  ef.  :  t  ,  'lit 
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■  ^v-- 


varying  selectively  average!  average  flow  velocity  in  the  burning  zone  and  by  the 
effect  of  deformation  of  eddies  during  acceleration  of  the  flow. 


A  Turbulent  Flame  in  an  Open  Flow 

For  a  flame  in  an  open  flow  it  is  possible  to  disregard  diffusion  along  the 
flow  and  change  of  the  longitudinal  component  of  average  velocity  (due  to  the 
absence  of  a  drop  of  static  pressure  along  the  flow). 

The  solution  of  system  (^.M)  for  a  flame  in  an  open  flow  proceeds  as  follows: 
after  placing  the  value  of  average  velocity  along  the  flame  u^  ■  u^  =  v  ■  const  in 
the  continuity  equations  (5.38),  we  will  obtain  (taking  into  account  boundary 
conditions  v^O)  *»  0  —  for  a  right  flame  cone,  and  ~2(°)  ■  0  —  for  an  inverted  flat 


cone  of  flam-1), 

_ 

-v-r  **  0  or  v. 


0  ( i’or  a  right  cone  in  all  of  space) 


and 


dv„ 


°y 


0  or  v„  ■  0  (for  an  Inverted  flat  cone  in  all  of  space). 


'2 


^P1  Wl2 

Since  ST  =  “3T 


-uT  for  each  half  of  the  flame,  the  system  of 


0  anrt  3dT 

equations  (5.31*)  for  the  right  and  inverted  cones  of  flame  will  be  written  in  the 
form 


0-5* -■*(*- 1) 


or  for  a  right  cone 


*  +  #»  1  V  ' 


Co. 43a) 


Analogously, 


+***$’ 


-  (•-  -  -  (*-  !)  «r-^ 


or  for  an  inverted  cone. 


(5.43b) 


Let  us  note  that  the  equations  of  conservation  of  energy  are  written  only  for 
one  of  the  halves  of  the  flame. 

The  general  solution  of  equations  (5.34a)  and  (5.3^b)  has  the  form 


«  ah  - 


£*■’  '  k '  ~  >-V  *■*  ~  *  .*  » 

-V .-  *  V*- •*  ‘*r  VV  w- -- 


•V" 

►  i~*  - 


!<t- 


i 

t  I 


(  -t 


.  s  -3  e 
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where  p(y  -  yQ)  —  Gaussian  probabilities  distribution; 

y^(x)  —  average  boundary  of  the  flame,  which  is  determined  in  the  first 

M 

case  by  the  equation  y^  ■*  yQ  +  I  ■±-dx,  and  in  the  second  —  by 

M 

the  equation  y2  m  yQ  +  n 

I.e.,  P^  and  Pg  are  determined  in  every  specific  case  directly  as  the  total 
probability  of  appearance  at  the  considered  point  of  volumes  of  fresh  and  burned 
mixture  respectively,  which  occupy  in  the  Initial  section  of  the  flame  xy  =  u  some 
definite  volume,  the  boundaries  of  which  change  along  the  flame. 

Let  us  give  without  derivation  formulas  for  a  number  of  the  most  widely  -curring 
cases  of  a  turbulent  flame  in  an  open  flow. 

Turbulent  Flame  After  a  Plane  Precombustion  Chamber 
(see  Fig.  5.2b) 


where 


r»  J  • 

a^  —  half-width  of  the  precombusticn  chamber  (burner); 

2.W- JPAf  or«>3r.  - - -^r/(-^L). 

—  • 

In  particular,  on  the  axis  of  the  flame  we  will  obtain 


Turbulent  Torch  After  an  Axially  Symmetric  Burner 
(Inverted  Cone)  (see  Fig.  5.2c) 


(5  Ma) 


p‘ir-  *  ~ 


(',.44)  ) 
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where 


I  —  Bessel  function  of  zeroth  order; 


>0  +  it  | 


-J-  dx  —  aveiage  radius  of  the  flame; 

aQ  —  radius  of  precombustion  chamber  (burner); 

m 

«*-2 £/>/*. 


In  particular,  on  the  axis  of  the  flame 

Pl(r,0)-(l_r^r). 


Formulas  (5.Ma)  and  (5. Mb)  are  applicable  to  the  case  when  temperature  and 
exit  velocity  of  hot  gases  are  close  respectively  to  values  of  and  v,  or  when 
initial  dimensions  of  the  burners  are  relatively  small. 

Turbulent  Flame  After  a  Plane  Bunsen  Burner 


Boundary  conditions  are  as  follows:  width  of  the  initial  flow  of  homogeneous 
mixture  is  equal  to  2a0;  width  of  the  burners,  which  are  located  on  the  edges  of  the 
flow  (at  the  end  of  the  pipe),  is  equal  to  2bQ;  axis  x  coincides  with  the  flow  axis 
(Fig.  5.16  and  5.17): 

,,-|{*[eUa±A!]-*[ta±i!]+ 

+ «  _  «  pLiiajliL' 

where 

W.  +  M-jp.-J*  :'»>■  6, >3*  - 

In  this  formula  the  value  of  0  can  be  taken  as  variable  over  the  entire  volume 
of  the  flame,  if  we  take  into  account  change  of  the  coefficient  of  turbulent 
diffusion  over  space,  and  also  the  change  of  average  velocity.  For  the  majoril.v  of 
practical  calculations,  it  is  possible  to  consider,  apparently,  that  the  whole  flame 
is  in  the  core  of  average  velocities,  so  that  the  average  longitudinal  velocity  is 
constant  and  equal  to  the  initial  average  flow  velocity,  but  it  is  known  to  be 
impossible  to  take  parameters  of  turbulence  to  be  constant.  Formula  (5. Me)  allows 
a  series  of  simplifications  in  certain  particular  cases.  For  instance,  if  flames 


)■ 


(5.M-) 


from  both  burners  are  far  removed  from  each  other,  then  In  the  system  of  coordinates 
whose  x-axis  coincides  with  the  axis  of  one  of  the  burners,  relationship  (5.i|i|c)  will 
be  written  in  the  form 

As  one  of  the  relatively  simple  and  sufficiently  accurate  methods  of 
consideration  of  heterogeneity  of  turbulence,  it  is  possible  to  take  the  value  of  o 
in  the  first  term  equal  to  the  value  of  which  can  be  determined  according  to 

parameters  of  turbulence  of  the  incident  flow  ana  the  value  o  *  O.lx  in  the  second 
term,  which  can  be  determined  according  to  the  average  parameters  of  turbulence  in 
the  zone  of  mixing  of  the  submerged  (hot)  stream  with  its  surrounding  motionless 
space. 


From  relationship  (5. Me-)  it  follows  that  along  the  flow  axis  change  of 
combustion  efficiency  is  determined  by  the  relationship  (y  =  0) 

P,(r, 

A  graph  of  this  function  is  shown  in  Fig.  5.17.  Combustion  efficiency  on  the 
flow  axis  increases  with  increase  of  distance  from  the  end  of  the  burner  until  that 
moment  when  b1  attains  a  value  equal  to  aQ.  At  this  instant  flamer,  proceeding 
toward  each  other  from  the  two  burners  join  in  the  middle,  so  that  burning  speed  will 
abruptly  fall  to  zero  (there  will  be  nothing  to  burn).  From  this  moment  on,  the 
process  will  be  basically  only  a  diffusion  process,  and  combustion  efficiency  on  the 
axis  will  begin  to  decrease  due  to  diffusion  of  the  flame  into  t  e  .■  irmnndlng  mt-di  ir. 
In  reality,  on  the  final  stage  of  combustion  there  exist  a  number  of  other  factors: 
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increase  of  chemical  combustion  efficiency,  simultaneous  appearance  of  burning  zones 
in  the  same  volume,  and  so  forth.  If  in  the  initial  mixture  there  is  contained  a 
surplus  of  fuel,  then  in  the  zone  of  mixing  combustion  products  with  the  surrounding 
air  there  will  also  be  observed  a  secondary  effect  —  diffusion  burning.  In  Fig. 

5.17  there  is  also  given  a  curve  calculated  taking  into  account  the  beforehand 
assumed  coincidence  of  events,  but  without  taking  into  account  diffusion  into  the 
surrounding  space  (solid  curve).  Analysis  of  experimental  data  indicates  the 
absence  of  the  effect  of  coincidence  of  events. 


10  12  I* 


Fig.  5.17.  Determination  of  average  temperatures 
in  a  turbulent  flame  from  a  plane  Bunsen  burner. 
Physical  combustion  efficiency  along  the  axis  of 
the  turbulent  flame  from  a  plane  Bunsen  burner: 

-  taking  into  account  coincidence  of 

events, 

-----  taking  into  account  stirring  of  the 
surrounding  medium. 


Fig.  5.18.  Distribution  of  average  temperatures  of  a 
flame  in  a  pipe. 

uT  D_ 

a)  transverse  to  fl»>  flu;-:  —  =  0.09;  yya  =  0.002; 

i  =  1;  2;  :.j  6;  8;  10;  12;  111;  16;  18;  20; 
c  El, 

b)  along  the  flow  —  =  0.0'  ;  -  =  0.002; 

'  v  v • 

^  =  u;  0.1;  0.2;  0.7;  0.4;  0.9;  0.6;  0.7;  U.8;  0.  1.0. 

a 
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A  Turbulent  Flame  After  an  Annular  Bunsen  Burner  (Without 
Taking  Into  Account  Mixing  With  the  Surrounding 
Motionless  Air) 

The  relationship  for  P^(x)j  r  inside  the  flame  is  analogous  to  relationship 

a 

(5. Wb)  i or  Pgfxj  r) i  but  a  *  &q  f**  (aQ  is  the  radius  of  the  igniting  ring 
of  the  burner).  In  particular,  on  the  axis  of  the  flame 

P,(r,  P)-rTr. 

Relationships  for  determination  of  burning  speed  Uj,  according  to  experimental 
temperature  profiles,  and  relationships  relating  values  of  u^,  to  the  velocity  of 
propagation  of  the  flame  Up  are  given  in  work  [28], 


Turbulent  Flame  in  a  Pipe 


Let  us  consider  the  case  of  a  turbulent  flame  after  a  linear  ignition  source 
located  in  a  plane  pipe.  Solution  of  such  a  problem  was  given  in  works  of  Zel'dovich, 
Tszyaiv  and  Scurlock  and  was  developed  further  in  the  works  of  Talantov  an!  Klsramtsov, 

Let  us  note  what  the  fundamental  difference  is  between  these  solutions  and 
those  considered  below.  In  the  above  mentioned  works,  a  real  flame  was  replaced  b.v 
a  hypothetical  surface  of  zero  or  finite  thickness,  before  and  after  which  the 
authors  apply  equations  of  flow  rate,  momentum  and  energy  averaged  over  the  crons 
section  of  the  pipe.  The  system  of  equations  turns  out  not  to  be  closed,  and  1. 
closed  by  assignment  of  the  width  of  the  burning  zone  (or  burning  time),  burning 
speed  satisfying  Mickelsen's  law  and  the  law  of  change  of  average  velocities  (or 
average  temperatures).  The  form  of  the  burning  "surface"  (discontinuity)  is  unknown. 
In  such  a  formulation,  the  problem  is  a  long  way  from  the  real  physical  picture  of 
burning  in  a  high-speed  turbulent  flow.  If  such  a  surface  really  existed  at  the 
initial  moment  of  time,  then  in  virtue  of  its  characteristic  instability,  and  mainLy 
under  the  action  of  turbulent  diffusion  of  the  incident  flow,  at  subsequent  moments 
of  time  it  would  turn  into  a  complicated  burning  surface  with  a  certain  probnl  1 1 Lt y 
distribution  of  appearance  at  any  point  over  the  cross  section  of  the  chamber.  This 
distribution,  as  experiment  shows,  is  assigned  by  turbulence  of  the  incident  flow. 

Let  us  place  the  origin  of  coordinates  at  the  source  (see  Fig.  'j,  18);  the 
x-axis  will  be  directed  along  the  flow  axis;  axis  y  will  be  directed  perpendicular  I./ ; 
and  axis  z  (parallel  to  which  all  properties  are  assumed  to  be  uniform)  —  along  the 
linear  source.  We  will  designate  the  width  of  the  pipe  by  2a,  ’tie  average  boundary 


of  the  upper  half  of  the  flame  by  y^(x)  and  the  average  boundary  of  the  lower  half 
of  the  flame  by  yg^x).  In  virtue  of  the  axial  symmetry,  absolute  values  of  y^  and 
yg  are  obviously  equal.  In  the  given  problem  there  are  assumed  to  be  givens  the 
average  Incident  stream  velocity  u1(0)  =  v,  the  coefficient  of  turbulent  transfer 
of  the  incident  flow  DT  (constant  over  the  cross  section  of  the  pipe)  and  the  rate 
of  turbulent  combustion  The  quantity  uT  is  uniquely  determined  by  the  turbulent 

structure  of  the  incident  flow,  independently  of  where  the  burning  occurs  (in  the 
pipe  or  in  an  open  flow)  and  whether  or  not  the  secondary  field  of  turbulent 
velocities  induced  by  the  flame  is  large  (§  6,  Chapter  V).  Solution  of 
the  problem  is  more  conveniently  begun  with  solution  of  the  equations  for  the  cold 
component  of  the  flow,  since  for  it  there  are  known  the  initial  and  boundary 
conditions.  Let  us  disregard  change  of  the  transverse  component  of  average  velocity 
of  the  cold  part  of  the  flow  ,  i.e.,  let  us  consider  that  v^  =  0  not  only  in  the 
Initial  section  and  on  the  walls  of  the  pipe,  but  also  in  all  of  the  remaining  cola 
part  of  the  flow. 

At  high  turbulent  velocity  transverse  to  the  flow  (much  higher  than  average 
transverse  velocity  v  thla  assumPtlon  ls  sufficiently  obvious.  Let  us  note  that 
in  the  above  mentioned  works  it  would  also  have  been  possible  to  safely  disregard 
the  transverse  component  of  average  velocity  before  the  flame  front,  but  in  that 
case  this  component  to  a  certain  extent  replaced  the  transverse  turbulent  velocity, 
which  was  not  taken  into  account. 

From  the  continuity  equation  (5.3b)  written,  taking  into  account  change  of 
density  along  the  pips,  we  will  obtain,  using  condition  (v^  “0);  that 

M*)  «■,(*).  (5.^6) 

We  will  now  disregard  the  valup  of  ~gj  this  Is  a  rough  approximation,  and  is 
sufficiently  accurate  only  for  high  transverse  turbulent  velocities  \TZ)- 


The  equation  for  the  probability  density  function  of  the  appearance  of  cold 


volumes  p^  "sm  be  written  in  the  form 


■t  **  ' 


((J.^7) 


The  boundary  condition  on  the  wall  is  the  condition  of  zero  flow  of  cold 


volumes  through  the  wall: 


Solution  of  equation  (9.^7)  with  the  boundary  condition  (9.^8)  has  the  following 


form  for  the  upper  half  of  the  flame: 


[I  <*-*,)•  I 

*-TT+«_T— = 

=-[r^+. 


and  for  the  lower  half  of  the  flame 


(9.49a) 


(9.4  *h) 


Let  us  note  that  these  solutions  are,  strictly  speaking,  approximate:  they 
take  into  account  only  the  influence  of  the  nearest  wall;  in  practice  the  influence 
of  the  opposite  wall  turns  out  to  be  insignificant.  The  probability  of  finding 
fresh  mixture  and  products  of  combustion  at  an  arbitrary  point  of  the  pipe  is 


determined  by  the  relationships 


since 


HI  fl 

H 


(9.90) 


By  substituting  in  the  first  term  of  function  the  value  of  for  the  lower 
half  of  the  flame,  and  in  the  second  term  the  value  of  p^  for  the  upper  half  of  the 
flame  and  considering  that  y2  =  -y^  we  will  obtain  after  a  series  of  transformations 


L)l- 


(9.90a) 


I  P 


where  «*tt> 


is  the  probability  integral  function. 


Graphs  of  function  Pg  versus  x  and  y  for  values  of  DT/v1aQ  =  0.002  and  uT/v1 
=  0.09  are  shown  in  Fig.  9.19. 


We  will  obtain  the  function  of  the 


4ff> 


Fig.  5*19.  Experimental  deter¬ 
mination  of  the  average  boundary 
of  the  flame. 

J?l_  -A 

'A  H 


average  boundary  of  the  flame  y^(x)  by  using 
equation  (5.34 a)  for  P^,  which  in  the 
considered  case  can  be  written  in  the  fcrm 

(b.ri) 

Substituting  in  (5.51)  the  function 
from  (5.50a)  and  considering  equation  (5.47) 
we  will  obtain 


-■i-J"  lA'Ofi)  +  Pi  (fi)  I -  -  «,  IPi  (yd  +  Pi  (fc)! 

or 


-5— a*. 

4s  «, 

i.e.,  the  average  boundary  of  the  turbulent  flame  for  v^  *  0  is  determined  by  the 
relat ionship 


h(0) 


(5.52) 


The  value  of  y^  according  to  the  experimental  profile  of  ave  rage  temperatures 
is  determined  according  to  (5.50a)  by  the  equation 


A  graph  of  this  function  for  various  vaxues  of  uT/v  and  DT/v*a0  =  0.02  is 
shown  in  Fig.  1  .19.  From  Fig.  5.19  it  is  seen  that  at  *  Jo  the  average  boundary 
passes  through  combustion  efficiency  0.5,  just  as  in  an  open  flow,  and  rapidly 
increases  to  unity  only  in  cross  sections  close  to  the  cross  section  of  complete 
turnup. 

For  determination  of  TT0  and  ~0  we  use  the  equation  of  conservation  of  energy 
writ  ten  in  the  form 

- (“*- *i) "5 —  »* -J-  »«,(«-!) {/>, (yO+pt (yjl  (5.53) 


Substituting  in  this  equation  the  value  of  dP^/dx  from  (5.50),  we  will  obtain 
after  a  series  of  transformations 


■r  <«  - 1)  Ift  (ft)  +  ft  (ft)l  -  ft 


■tlft(ft)+ft(ft)l- 


D, 


(5.54) 


Substituting  the  values  of  derivatives  of  functions  L',  in  (  .‘.Jt)>  WP  fit  1 


our  final  formula  for  calculation: 


where 


* t-"i  _ 


M 

fl-l- — a — 1 

pdf- Pi)  + 

f,_  a  1 

«T  ("  ~  1) 

p(2a-y-y,)4- 

(IT  -♦*  >i)  ^  —  1^)  -f-  <2*1  —  If  -+-  Ifi)  P  <2a  — Pi)  +  (Pi-p)P(P+Pi>- 

+ 

f.  .51 

P(»+Pi)  + 

f,  |  5  1 

P(2a  +  P+P,)) 

H 

M*  +  P  +  Pi)P(2«  +  p-p.> 

Pi(0)  _  Pi (*>  ■ 
h(0)  h(»  * 


ysr,  exp(  2 ) * 


(0.04a) 


Mr  —  according  to  the  continuity  equation  (5.35). 

Formula  (5.54)  acquires  a  simple  expression  on  the  axis  of  the  flame  (y  =  n) 
and  on  the  wall  of  the  pipe  (y  -  a) . 

On  the  axis  of  the  flame  (y  =  Oj  vg  =  0) 


2 

* 

l+«p| 

f  \1 

i  ••  / 

*»(*  —  >) 

»+«*p| 

2a (a— y,)  V 

•*  /. 

,  2 a 

9 - «p— 

Pi 

2a  (a  —  y,> 

■* 

In  particular,  at 


,5.— «». 
*»  (* — i) 


2 


and  at 


■i  («  —  I) 


On  the  wall  of  the  pipe  (y  =  a),  discarding  terms  for  the  influence  of  the 
opposite  half  of  the  flame,  we  will  obtain 

-  f  yt-*a  ->  I. 

For  calculation  of  the  profile  of  velocity  u?  by  the  formula  (  .'.4),  it  is 
possible  to  use  the  method  of  successive  approximations.  Considering  in  (5.54) 
that  vg  =  0,  we  will  find  the  profile  of  uU  in  the  first  approx  '■  a'  i  :i.  I  roti.  the 
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continuity  equation  according  to  the  profile  of  Ug  which  has  been  found,  we  will 

determine  the  first  approximation  of  the  profile  of  Vg  and  substitute  it  in  (5»5^)» 

etc.  For  quite  large  values  of  Hj, ,  vg  is 

practically  equal  to  zero,  so  that  it  is  possible 

to  be  limited  to  calculation  of  the  profile  in  the 

first  approximation.  At  very  small  values  of  Hj,  , 

it  is  necessary  to  consider  Vg.  In  the  limit, 

Dt  *  0,  the  value  of  v^  at  separate  points  of  the 

pipe  can  attain  values  ~uT(n  -  1).  The  value  of 

Fig.  5.20.  Distribution  of  Vg  can  be  different  from  zero  on  the  wall,  since 

average  flame  speeds  in  a 

pipe.  the  probability  of  appearance  of  a  flame  front  on 

Dm  * 

—  -o.ooi;  -1-0,05;  *-$.  the  wall  has  finite  value. 

The  profile  of  average  velocities  u  is 


Fig.  5. 20.  Distribution  of 
average  flame  speeds  in  a 
pipe. 

°T  »T 

— -0.001;  -1-0.05:  «-5. 


determined  by  the  formula 


Graphs  of  the  profile  of  u  transversely  across  the  pipe  for  u^/v  =  0.05  are 
shown  in  Fig.  5.20. 

For  practical  calculations,  sometimes  it  is  more  convenient  to  use  equations 
averaged  over  the  cross  section  of  the  pipe.  Equations  of  conservation  of  mass, 
energy  and  momentum  averaged  over  the  cross  section  of  the  pipe  will  be  written 


respectively  in  the  form 


-0  or  P|«,  —  Ucppcv, 


*cp  ^  —9Ptj 

dx  It 


p, «,  •«,  (ll  -  I)  —  P(X)  —  P„ 


p,  «?(«-!)  -  AP.,1. 


The  momentum  equation  can  be  used  for  estimation  of  the  value  of  uT  according 
to  the  drop  of  static  pressure  along  the  pipe.  Let  us  note  that  during  solution  of 


*The  term  "wall"  in  the  given  problem  naturally  is  understood  to  mean  the 
external  limit  of  the  boundary  layer,  beyond  which  the  influence  of  walls  of  the 
pipe  begins. 


the  problem  there  were  not  used  momentum  equations  selectively  averaged,  but  the 
general  equation.  These  equations  are  satisfied  under  the  sim; le  assumptions  that: 


paiTi?  —  —  as  0  P*  =  const 

* 

However,  if  we  use  more  exact  assumptions  (v2  t  0  and  so  forth),  we  can  obtain 

_t  o 

the  distribution  of  turbulent  velocities  in  the  combustion  products  satisfying 

the  condition  of  zero  pressure  drop  transverse  to  the  flow,  which  is  different  from 

_l  o 

the  distribution  of  v^  .  Besides  this  velocity,  there  also  exists  the  profile  of 
"virtual  turbulent  velocity,"  which  is  obtained  during  measurement  of  total 
fluctuations  of  velocity  in  the  burning  zone  (see  p.  285  ).  All  of  this  indicates 
the  possibility  of  measurement  of  values  of  fluctuating  velocity  in  the  zone  and  in 
combustion  products  of  a  flame  in  a  pipe  which  essentially  differ  from  the  turbulent 
velocity  of  the  Incident  stream,  although,  as  was  seen  from  the  solution,  basi  • 
parameters  of  the  flame  —  dispersion  o  and  mean  y^  —  are  determined  by  turbulence 
of  the  incident  flow. 

The  given  solution  is  applied  to  burning  after  l'lame-holder  and  after  .'.mall- 
dimension  precombustion  chambers,  if  the  temperature  of  the  stream  of  the  precombustion 
chamber  does  not  strongly  differ  from  the  temperature  of  the  combustion  products. 

In  this  case,  the  origin  of  coordinates  is  placed  at  the  edge  of  the  flame-holder 
(precombustion  chamber);  distance  a  is  the  width  of  the  opening  between  the  edge  of 


the  flame-holder  and  the  wail.  The  value  of  DT,  which  is  given  in  the  flow  before 
the  flame-holder  in  the  form  of  the  ratio  DT/vQ,  practically  does  not  change  in  a 
narrow  place;  there  is  increased  only  the  value  of  velocity  from  v^  to  v^,  so  that 
in  place  of  the  given  value  of  DT/vQ,  we  should  substitute  in  calculations  the  value 
of  D^/v^  (v^  —  average  longitudinal  velocity  in  a  narrow  place). 

In  a  number  of  cases  (burning  after  several  ignition  sources  in  the  presence 
of  average  transverse  velocities),  during  large  change  of  longitudinal  average 
velocities,  and  so  forth,  for  technical  calculations  it  is  apparently  more  correct 
to  use  the  average  (over  the  cross  section  of  the  pipe)  value  of  dispersion. 


determined  by  the  formula 


Graphs  of  this  function  for  different  ~T/v1 

are  given  in  Fig.  5.21.  The  quantity  uT  is 

given  according  to  experimental  data  obtained 

with  the  help  of  any  of  the  above  mentioned 

methods  of  measurement  in  an  open  flow.  The 

solution  given  in  the  present  article  can  also 

serve  as  the  basis  for  measurement  of  u_. 

T 

Statistical  Distribution  of  Scales 
of  Temperature  heterogeneities 
Tn  the  Macrozone  of  Turbulent 
burning 

In  a  number  of  technical  problems  on 
turbulent  burning,  it  is  important  to  clarify 
not  only  the  basic  parameters  of  the  turbulent 
flame  —  dispersion  o^x)  and  mean  a(x),  but  also  the  structure  of  the  burning  zone 
of  the  turbulent  flame.  In  other  words,  it  is  interesting  to  know  not  only  burning 
rate  and  width  of  the  burning  zone,  but  also  dimensions  of  the  "cold"  and  "hot" 
volumes  filling  this  zone.  For  instance,  during  heterogeneous  burning,  the  basi  • 
flame  is  obtained  from  homogeneous  burning  of  the  vapor  phase  of  the  fuel.  This 
flame  is  penetrated  by  a  swarm  of  unevaporated  droplet.  It  is  interesting  to 
Investigate  the  behavior  of  the  croplets  (their  evaporation,  ignition,  and  so  forth) 
during  their  passage  through  the  macrozone  of  the  turbulent  flame.  As  far  as  it  Is 
known,  such  investigations,  even  if  they  have  been  conducted,  have  been  conducted 
without  taking  into  account  physical  peculiarities  of  the  structure  of  the  turbulei  t 
burning  zone  (there  has  simple  been  considered  the  behavior  of  a  droplet  in  a  field 
of  variable  average  temperatures  without  taking  into  account  its  statistical 
oscillations) .  Consideration  of  these  peculiarities  can  considerably  change  the 
results  of  investigations.  It  would  also  be  interesting  to  investigate  the  reverse 
action  of  the  swarm  of  droplets  on  the  turbulent  flame;  for  instance,  conditions  o 
ignition  of  cold  material  in  the  burning  zone  by  burning  drops,  and  so  forth. 

Let  us  consider  peculiarities  of  the  macrostructure  of  a  turbulent  flame  in 
the  example  of  a  one-dimensional  turbulent  burning  zone.  Obtained  regularities 
can,  when  necessary,  be  extended  to  a  real  flame  in  a  high-speed  flow,  since  the 
distribution  of  statistical  parameters  through  the  depth  of  the  one-dimensional  z<  i  <■ 
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Fig.  5.21.  Dispersion  of  a 
turbulent  flame  in  a  pipe  and 
in  an  open  flow. 


1  —  in  an  open  flow 

O.  L 

—  •MM;  -t-l; 
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2  —  in  a  pipe  at  —-Ml; 
5  —  in  a  pipe  at 


k  —  in  a  pipe  at 


can  be  considered  with  practical  accuracy  as  the  distribution  through  the  depth  of  a 
flame  along  the  basic  flow,  compressed  in  the  ratio  uT/v. 

The  statistics  of  scales  of  temperature  heterogeneities  of  the  one-dimensional 
zone  can  be  studied,  by  considering  at  an  arbitrary  depth  of  the  zone  x  an 
"oscillogram"  of  temperature  fluctuations  along  one  of  the  coordinates  y  or  z, 
along  which  statistical  properties  of  the  parameters  of  the  zone  are  homogeneous. 

For  moments  of  time  when  the  linear  scales  of  "cold"  and  "hot"  moles  and  l2 
become  noticeable  larger  than  the  integral  scale  of  the  burning  front  aQ  (for 

•  if  it  possible  to  speak  definitely  of  the  probability  of  appearance 
of  "cold"  or  "hot"  scales,  and  of  the  probability  of  appearance  of  a  burning  front 
(a  layer  of  intermediate  temperatures).  Let  us  consider  at  first  the  statistics  of 
"cold"  scales  (where  1^^  is  a  random  function)  along  the  y-axis.  Let  us  determine 
over  a  sufficiently  large  segment  of  the  y-axis  the  absolute  number  of  scales  whose 
values  fall  within  the  interval  from  to  +  dl^.  Let  us  designate  this  number 
as  n(l.)dl.;  it  is  obvious  that  it  increases  with  increase  of  the  selected  segment 
of  the  y-axis.  The  total  number  of  all  "cold"  scales  on  the  given  segment  will 
probably  also  depend  on  the  length  of  the  segment  y,  and  be  equal  to 

We  will  define  the  value  of  the  mean-statistical  scale  of  "cold"  moles  L  as 
the  limit  of  the  relation 


m 

r.-llrn— 

»-  : 


(5.57a) 


f* 


(U4 


The  value  of  Z^  obviously  no  longer  depends  on  the  coordinate  y,  but  is  only  a 
function  of  depth  of  the  zone  x. 

An  analogous  definition  cm  be  given  for  the  statistical  scale  of  hot  moles  Zgi 


Z^- I!m- - , 

7 


(5.57b) 


We  will  find  the  relation  between  scales  Z^,  L 2  and  functions  P^,  P^.  Let.  us 
note  that  values  of 
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constitute  the  total  extent  respectively  of  the  cold  and  hot  mixtures  on  the 
considered  segment  of  the  y-axis,  and  the  value  of 


constitutes  the  total  extent  of  the  considered  segment  of  the  y-axis.  Then, 
according  to  the  definition  of  functions  and  Pg  (see  §  1,  Chapter  V),  we  have 


Pi  -  llm  — 


t 


(5.58a) 


P,—  llm  — 


m 


(5.58b) 


Dividing  relationships  (5.58a  and  5.58b)  by 


i 


n(ljdl  —  n. 


we  will  obtain 


p _ h _ 

'  h+Z  ’ 


(5.58c) 


(5  ,',j) 


5+5 

During  derivation  of  these  equations,  we  disregarded  the  average  dimension  of 
the  burning  front  o0y  along  the  y-axis,  i.e.,  we  r  isldered  2aQy  «  +  Tg.  by 

analogous  reasoning,  but  with  more  cumbersome  transformations,  it  is  possible  t.o 
consider  the  dimension  of  the  burning  front  o0y  in  relationships  (5.59)  and  to 
determine  additionally  the  function  of  probability  of  itB  appearance  P^.  During 
deviation  of  the  relationship  for  P^  it  is  necessary  only  to  consider  that  the 
total  number  of  fronts  on  segment  y  is  equal  to 

2a, -2a,- *,  +  «,; 

P.rn - 5 - ;P_ - 5 - ;P. - *2 - *  (5. DO) 

Inasmuch  as  in  all  cases  interesting  in  practice  the  inequality  «  T,^  + 

is  satisfied,  then  equations  (5.60)  can  be  written  in  the  simpler  form: 
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(5.61) 


d  Ny  V^«  I 

•“5+1;“  1;  5*'l 

The  same  relationships  could  have  been  obtained  in  examining  of  the  statistics 
along  the  time  axis,  so  that  they  obviously  remain  in  valid  for  any  point  of  a 
three-dimensional,  inhomogeneous  burning  zone.  In  particular,  at  the  point  where 
P1  -  P2  -  0.5,  according  to  (5. 61),  we  have  ^  *  Tg  =  T0  and  P^  =  o0y/£^. 

Function  Pj(x),  just  as  function  P1(Pg),  can  be  determined  not  only  according 
to  the  statistics  of  events  along  the  y-axis,  but  also  according  to  the  statistics 
of  events  along  the  x-axis  (for  a  one-dimensional  burning  zone).  The  probability 
of  appearance  at  point  x  of  a  one-dimensional  burning  zone  of  intermediate  temperature 
(burning  front)  is  equal  (see  §  1,  Chapter  V)  to 

(6.62) 

where  p-(x)  —  probability  of  appearance  of  a  discontinuity  (burning  front)  in  a 
b  unit  interval  of  length  at  depth  of  the  zone  x; 

oQx  —  mean-statistical  width  of  the  burning  front  along  the  x-axis; 

k  —  approximately  constant  form  factor  of  the  order  of  unity,  which  taken 
into  account  small  inaccuracies  of  determination  of  the  width  of  the 
front  with  scale  aQx. 

With  the  microvolume  mechanism  of  combustion,  in  virtue  of  the  high  probability 
of  single-valuedne3s  of  the  burning  surface  existing  in  this  case  and  isotropy  of 
local  distortions  of  the  burning  surface,  scales  o0y  and  o0x  will  be  practically 
equal  to 

Sa-Sy-V  (5-6?) 

In  the  general  case  of  a  non-single-valued  burning  surface  the  value  of  scale 
°0x  be  e(lual  to  the  value  of  °Qy  multiPlied  by  the  average  number  of  burning 

fronts  intersected  by  the  x-axis  (during  averaging,  naturally,  of  this  number  along 
the  y-  or  z-axes.  This  number  (we  will  designate  it  by  a)  was  called  above  the 
degree  of  non-single-valuedness  of  the  burning  surface. 

The  probability  density  function  Pg(x)  in  formula  (5.62)  satisfies  Gauss's  law 
with  high  accuracy;  the  accuracy  of  its  coincidence  with  Gauss's  function  will 


apparently  be  higher,  the  nearer  the  burning  surface  is  to  a  single-valued  surface. 
Eqiating  the  two  independent  definitions  of  function  P y  (5.61),  (5.62),  and 
substituting  in  them  the  specific  forms  of  functions  and  Ps(x),  we  will  obtain 
the  distribution  of  scales  L over  the  depth  of  the  burning  zone: 


VS 


t  *vtt 


and 


j* 


ft-i 


(5.64) 

(5.65) 


where  is  the  scale  of  temperature  heterogeneities  at  the  center  of  the  zone. 

From  formula  (5.65)  it  is  clear  that  scale  Lq  increases  in  time  approximately 
proportionally  to  a,  with  accuracy  up  to  increase  of  the  quantity  a  from  unity  to 

values  somewhat  larger  than  unity  (for  the 
microvolume  mechanism  of  burning).  Function 
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and  over  the  depth  of  the 


a  determines  the  behavior  of  scale  Tq  from 
the  relationship  between  turbulent  and 
physico-chemical  factors  of  the  turbulent 
flame . 

The  value  of  a  has  a  tendency  to 
increase  with  decrease  of  Reynolds  number 
Re  of  the  flow,  to  decrease  with  increase 
of  the  quantity  or  (for  constant 
turbulence)  with  increase  of  the  quantity 
u^,  etc.  In  accordance  with  this,  scale 
Uq  changes.  The  obtained  relationships 
will  agree  well  with  results  of  the  experimental  i.  vestigations  of  Kokushkin  [9]  of 
distributions  of  L„  and  L ^  with  respect  to  flow  velocity,  length  and  depth  of  the 
flame,  mixture  ratio,  etc. 

In  Fig.  5.22  there  is  shown  a  universal  curve  of  T^Aq  versus  x/o.  In  Fig. 
5.23  and  5.24  there  are  plotted  theoretical  and  experimental  curves  of  T.  and  T,0 


Fig,.  5,22.  Distribution  of  scale 
and  ove; 

burning  zone. 
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versus  P^,  according  to  data  of  Kokushkin  [32]  after  burners. 
Estimation  of  values  of  k  from  the  condition  — — — — %— 

ys"  n 


(at  a  *  1) 


according  to  experimental  values  of  LQ  and  a  gives  the  value  k  =  0.8  to  1.3. 
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Fig.  5.23.  Dependence  of  Fig.  5.24.  Dependence  of 
scales  and  Lg  on  scales  and  Lg  on 


combustion  efficiency  for 
various  flow  velocities. 

_  theory. 


scales  and  Lg  on 

combustion  efficiency  for 
various  values  of  air-fuel 
ratio  (according  to  data 
of  [32]).* 
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Distance  from  the  burner  Is  500  mm. 

As  can  be  seen  from  the  comparison  of  theory  with  experiment  shown  in  Fig. 

5.23  and  5.24,  the  dependence  of  scales  L1  and  Lg  an  average  flow  velocity,  on  1^, 
etc,  is  completely  described  by  the  given  theoretical  relationships. 

If  we  consider  that  a  *=  1  and  k  *  1,  then  during  detailed  analysis  of 
experimental  values  of  LQ  with  the  help  of  (5-60)  and  (5.62),  we  can  perceive  in 
the  experiments  of  Kokushkin  a  certain  anisotropy  of  local  distortions  of  the 
fronts.  The  quantity  o0y  (along  the  flow)  according  to  his  data  is  always  obtained 
to  be  somewhat  higher  than  the  quantity  oQx  (transverse  to  the  flow);  this  indicater 
the  still  insufficiently  developed  local  (small-scale)  distortions  of  the  burning 
surface  for  the  given  conditions  of  turbulent  burning  (u  /v  ~  0.05^;  v  *  30  m/sec, 
lL  ■  10  mm) . 


-304- 


i 


§  £.  HYDR0DYI1AMIC  PECULIARITIES  OF  TURBULENT  BURNING 
AFTER  BLUFF  BODIES  (FLAME -HOLDERS) 

Peculiarities  of  the  structure  of  turbulence  in  the  wakes  after  bluff  bodies 
were  noted  in  Chapter  IV.  Let  us  consider  these  peculiarities  in  reference  to  the 
wake  after  flame-holders  in  a  combustion  chamber.  For  this  we  will  use  detailed 
measurements  of  the  distributions  of  intensity  of  turbulence  over  different  cross 
sections  of  the  wake  after  flame-holders  (without  combustion)  which  were  conducted 
in  the  work  of  Solntsev  [34],  Complete  description  of  the  distribution  of  e(xj  y) 
can  be  obtained  if  there  are  known  the  following  parameters  of  the  turbulent  wakes 
distribution  of  intensity  of  turbulence  along  the  axis  of  the  wake  e(xj  0),  functions 
of  the  mean  a(x)  and  dispersions  a(x)  (for  the  turbulent  wake).  The  distribution 
of  e(y)  is  shown  in  Fig.  5.25* 

The  distribution  of  e(x)  alcng  the  axis  of  the  wake  after  three  different 
flame-holders  used  in  the  work  of  Solntsev  is  shown  in  Fig.  5.26.  All  measurements 
were  conducted  in  pipes  of  rectangular  cross  section  (300  X  175  or  200  x  175  mm) 
after  trough-shaped  flame-holders  with  angles  of  30°  or  60°  at  the  vertex.  Width 
of  the  base  of  the  cone  of  the  stabilizer  2h  was  equal  to  35  or  70  mm.  In  one  of 
the  flame-holders,  on  the  lateral  walls  along  the  generatrices  of  the  cone  there 
were  cut  strips,  and  part  of  these  strips  (every  other  one)  were  bent  perpendicularly 
to  the  flow,  so  that  the  inside  width  of  such  a  flame-holder  was  equal  to  70  mm 
along  the  bent  part  of  the  strips  and  35  mm  along  the  unbent  part  (Fig.  5.27). 

Values  of  e(x)  for  each  of  the  flame-holders  are  shown  in  the  figures.  From  Fig. 

5.26  it  is  clear  that  the  maximum  intensity  of  turbulence  over  the  cross  section 
of  the  wake  rapidly  attenuates  along  the  axis  of  the  wake,  and  at  distances  of 
attains  the  level  of  turbulence  of  the  external  flow.  The  value  of  e(x)  in  the 
external  flow  weakly  increases  from  values  ~3  to  4$,  which  are  somewhat  smaller 
than  the  leve L  of  pipe  turbulence  (5$)  (due  to  the  small  contraction  of  the  flow 
In  experiments  [3M),  to  values  somewhat  larger  than  6$,  if  the  turbulent  wake  Joins 
with  the  external  flow  in  layers  adjacent  to  the  walls  (as  this  occurs  for  a  pipe 
of  200  x  175  mm) ,  where  the  value  of  turbulent  intensity  becomes  noticeably  larger 
than  5#  of  the  level  in  the  flow  core. 

A  f lame-holder  with  protrusions  in  the  form  of  strips  with  the  largest  width 
of  the  centeV  section  equal  tc  70  mm  gives  a  somewhat  Larger  value  of  e(x)  than  a 
"smooth"  flame-holder  with  the  same  center  section.  ret  ay  of  the  intensity  ol' 


turbulence  after  the  bent  flame-holder  occurs,  however,  somewhat  more  rapidly 


apparently  due  to  the  smaller  scales  of  eddies  formed  after  such  a  flame-hcider. 

Values  of  e(x)  along  the  axis  of  the 
wake  can  be  determined  with  sufficient 
technical  accuracy  without  conducting 
direct  measurements  of  e(x),  but  by 
measuring  only  the  magnitude  of  the  dip 
of  average  velocities  on  the  axis  of 

wake:  (vmax  •  vmin>-  According  co 

calculations  given  in  Chapter  IV, 
e(x)  -  0.4  to  0.34  (vmax  -  vmln) . 

According  to  experimental 
distributions  of  e(x;  y),  there  were 
constructed  functions  of  the  mean  a(x) 
and  dispersion  a(x)  which  define  them} 
these  are  shown  in  Fig.  5.28.  From 
Fig.  5.28  it  is  clear  that  the  average 
speed  of  expansion  of  the  turbulent 
wake  practically  does  not  depend  on  the 
shape  and  size  of  the  stabilizer,  is 
constant  over  the  length  of  the  wake 
and  is  determined  for  a  pipe  of 
300  x  175  mm  at  v  =  50  m/sec  by  the 
ratio  u"/v  «  0.1.  According  to  the  single  measurement  in  a  narrower  pipe  (200  x 
x  175  mm)  and  at  lower  speed  (v  -  35  m/sec),  the  ratio  u  /v  is  obtained  to  be 
somewhat  smaller  (0.065). 

It  is  still  not  clear  how  such  divergence  appears:  due  to  large  blockage  of 
the  pipe  or  due  to  deviation  of  the  flow  pattern  from  self-similar  at  the  indicated 
average  speeds. 

From  Fig.  5.28  one  may  also  see  that  the  average  boundary  for  a  flame-holder 
with  protrusions  passes  somewhere  between  those  of  flame-holders  with  widths  of  70 
and  35  mm.  The  dispersion  function  o(x)  in  this  case  characterize,  the  root -mean- 
square  deviation  of  the  Instantaneous  boundary  of  the  region  of  increased  turbulence 
from  its  average  position.  Oscillations  of  boundaries  of  the  ref  Lon  of  increased 


holder  (without  combustion)  according  to 
data  of  V.  P.  Solntsev. 
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turbulence  occur  under  the  action  of  the  biggest  vortices  shed  after  the  edges  of 
the  flame-holder.  These  vortices  are  quite  rare;  their  shedding  frequency  is 


Fig.  b.26.  Distribution  of  intensity 
of  turbulence  along  the  axis  of  the 
wake  after  flame-holders  (without 
combustion)  and  in  the  external  flow 
(according  to  Solntsev) . 
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apparently  determined  in  most  cases  by 
the  Strouha!  frequency.  Dimensions  of 
these  vorticies  transverse  to  the  flow  do 
not  exceed  the  half-width  of  the  flame- 
holder  h;  their  dimensions  along  the  flow 
may  be  considerably  larger,  especially  for 
flame-holders  in  sufficiently  narrow  pipes. 

t 

The  magnitude  of  intensity  u  /v 
calculated  according  to  o(x)  characterizes 
the  velocity  of  large  eddies  transverse  to 
the  flow.  In  spite  of  the  most  sharply 
pronounced  anisotropic  character  of  the 
large  eddies,  such  turbulent  velocity  can 
to  a  certain  degree  characterize  the 
fraction  of  turbulent  energy  contained  in 
these  eddies.  By  values  of  e0  calculated 
according  to  the  magnitude  of  o  and  total 
values  of  EyTa  measured  by  a  hot-wire 


anemometer  and  shown  in  Fig.  S>.26,  it  is  possible  to  see  that  the  energy  of  large 
eddies  does  not  exceed  lk%  of  the  total  energy  of  turbulence  in  the  wake.  Scales 
of  turbulence  calculated  according  to  o(x)  determine  in  this  case  the  average 
displacement  length  of  an  element  of  volume  of  the  medium  by  the  largest  eddies  in 


their  average  lifetime. 

.  1 

by  the  equality  l^/u  = 


The  order  of  the  lifetime  of  these  eddies  is  determined 


D/v*ea,  and  the  quantity  xa 


D/ve^  determines  the  order 


of  magnitude  of  distances  from  the  edge  of  the  flame-holder  along  the  flow  at  which 
it  is  possible  to  observe  separate  large  eddies  shed  from  the  edges  of  the  flatne- 

)k  1  der , 


However,  the  considered  picture  of  the  turbulent  wake  after  a  flame-holder 
will  exist  only  in  the  absence  of  burning  after  the  flame-holder.  The  main  purpose- 
of  the  flame-holder  Is  to  give  the  simplest  arid  most  convenient  constant  ignition 
source  of  (stagnant  wake),  which  ensures  a  stable  regime  of  burning  in  a  high-speed 
flow  within  quite  wide  limits  (with  respect  to  speed,  mixture  ratio,  and  so  forth). 
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At  first  glance  it  may  seem  that  the  flame-holder,  being  a  source  of  high  turbulent 
in  a  flow  without  burning,  serves  during  burning  not  only  as  a  source  of  stable 
ignition,  but  also  as  an  intensifier  of  the  process  of  burning  in  the  flame  after 

the  given  flame -holder. 

Analysis  of  existing  experimental  data  shows,  however,  that  this  is  not  so. 

The  sources  of  high  turbulence  after  a  f lame-holder  without  burning  are  the  large 

gradients  of  average  velocities  - 
the  dip  in  the  profile  of  average 
velocity.  During  acceleration  of 
the  flow  in  a  flame  after  a  flame- 
holder,  the  magnitude  of  these 
gradients  can  greatly  decrease, 
reach  zero,  and  further  change 
sign,  so  that  instead  of  a  dip  in 
profile  of  average  velocity,  on 
the  axis  of  the  wake  there  will  be 
a  projection.  In  other  word:-., 
hydrodynamics  of  the  flow  after  a 
flame-holder  during  burning  will 
be  absolutely  different  from  the  hydrodynamics  of  flow  without  burning;  the  hydro¬ 
dynamics  will  considerably  change  due  to  the  conditions  ol'  burning  (in  a  pipe  or  in 
an  open  flow),  due  to  mixture  ratio,  and  so  forth.  Turbulent  parameters  of  flow  in 


•» 

m.M 


Fig.  5.27.  The  influence  of  local  increases 
of  intensity  of  turbulence  in  the  region  of 
a  flame-holder  on  parameters  of  a  turbulent 
flame. 

1--^  »•.!;  S-v-30%. 


Fig.  5.28.  Average  boundaries  and 
dispersion  of  the  wake  after  trough¬ 
shaped  stabilizers  without  combustion 
(according  to  data  of  Sc  .ntsev). 


a  flame,  as  a  result  of  hydrodynamics 
of  the  average  flow,  will  obviously  be 
different  from  turbulent  parameter., 
after  a  flame-holder  without  burning. 

Let  us  now  go  over  to  analysis  of 
experimental  data.  If  the  turbulent 
wake  after  a  flame-holder  without 
burning  and  with  burning  would  remain 
constant,  then  the  burning  rate  in  such 
a  wake  would  be  very  high  because  of 
the  high  values  of  Intensity  of 
turbulence  in  the  wake,  so  that  accord ir 


estimates  of  corresponding  values  of  Of,  the  whole  wake  would  he  filled  with  burned 
mixture.  In  other  words,  the  average  boundaries  of  the  turbulent  wake  without 
t  urning  should  under  such  an  assumption  coincide  with  the  average  boundaries  of  a 
turbulent  flame,  if  turbulence  outside  of  the  instantaneous  boundaries  of  the  wake 
(in  the  incident  flow)  is  equal  to  zero. 

For  a  sufficiently  high  level  of  turbulence  of  the  incident  flow  (55^)» 
boundaries  of  the  flame  at  the  value  of  corresponding  to  it  can  even  be 
noticeably  wider  than  the  average  boundaries  of  the  wake.  In  reality,  experimental 
data  of  Solntsev  [35]»  Bespalov  (Chapter  VIII)  and  Shcherbina  [24]  show  that  average 
boundaries  of  the  turbulent  flame  after  a  flame-holder  are  always  much  narrower  than 
the  average  boundaries  of  a  turbulent  wake  after  the  same  flame-holder  (compare 
Fig,  5.28  and  5.6).  This  indicates  that  the  concept  of  invariability  of  a  turbulent 
wake  after  a  flame-holder  with  burning  and  with  burning  should  be  rejected:  in  a 
turbulent  flame  after  a  stabilizer  there  does  not  exist  the  turbulent  wake  which  exist 
after  the  same  stabilizer  without  burning.  There  appear  the  questions:  what 
parameters  of  turbulence  exist  directly  before  the  flame  and  assign  values  of  its 
parameters?  Will  these  parameters  be  uniquely  determined  by  the  structure  of  tur- 
l  ulence  of  the  Incident  flow,  or  will  they  depend  on  hydrodynamics  of  the  flow  after 
the  f lame^holder,  on  its  dimensions,  mixture  ration,  conditions  of  burning  and  s  > 
forth?  Analysis  of  experimental  data  shows  that  parameters  of  a  turbulent  flame- 
after  a  flame-holder  are  determined  practically  completely  by  turbulence  of  the 
Incident  flow  (we  consider  not  flow  before  the  flame-holder,  but  the  flow  of  fresh 
mixture  directly  before  the  boundaries  of  the  flame). 

From  the  data  of  Solntsev,  Shcherbina  and  Bespalov  given  below  (see  §  1, 

Chapter  VIII),  one  may  see  (Fig.  5.29-5-32)  that  dispersion  of  a  flame  after 
flame-holders  is  determined  by  the  turbulence  of  the  incident  flow,  while  turbulence 
of  the  combustion  products  (on  the  axis  of  the  flame)  greatly  differs  from  the 
latter,  and  depends  on  the  regime  of  burning  [36],  [37]»  [24],  [33].  Measurements 
of  distributions  of  scales  of  temperature  heterogeneities  conducted  by  Kokushkin 
l 52],  showed  that  values  of  scales  in  the  burning  zone  of  a  flame  after  a  flame- 
holder  completely  coincide  with  corresponding  scales  of  a  flame  after  a  point  burner-, 
the  scales  of  which  are  assigned  by  turbulence  of  the  incident  flow  (see  §  t, 

Chapter  V). 

Finally,  quantity  uT  measured  in  a  flame  after  a  flame-holder  completely 
correlates  with  turbulence  of  the  incident  flow  and  does  not  depend  on  dimensions 


of  the  flame-holder  (whereas  the  magnitude  of  Intensity  of  the  turbulence  In  the 
wake  after  a  flame-holder  without  combustion  and  In  combustion  products  on  the  axis 
of  a  flame  greatly  depends  on  dimensions  of  flame-holder), where  values  of  uT  after 
flame-holders  and  burners  coincide.  During  a  survey  of  values  of  uT  found  after 
flame-holders  and  their  comparison  with  values  of  uT  obtained  in  flames  after 
ignition  sources  with  "zero"  dimensions  (burners)  (see  §  7*  Chapter  V),  there 
is  composed  the  idea  that  boundaries  of  a  flame  after  a  flame-holder  move  through 
the  fresh  mixture  with  a  velocity,  determined  by  the  structure  of  turbulence  of  the 
incident  flow;  thus,  directly  after  the  burning  zone,  turbulence  can  be  considerably 
different  from  turbulence  of  the  incident  flow  and  turbulence  in  the  wake  after  a 
flame-holder  without  burning.  In  §  5  it  was  shown  that  this  is  fully  possible 
in  virtue  of  the  discontinuity  of  average  and  fluctuating  values  of  hydrodynamic 
parameters  (selectively averaged  over  the  fresh  mixture  and  combustion  products) 
which  exists  during  burning. 


Fie.  L.JO.  Probability  distribution  of 
finding  combustion  products  (physical 
combustion  efficiency)  over  cross  sections 
of  flames  after  flame-holder  in  a  pipe 
and  in  an  open  flow. 

•  —  data  of  Solntsev, 

U,  ■  —  data  of  Bespalov, 

A,  A  —  data  of  Shcherbina. 


The  lower  average  boundary,  which 
is  arbitrarily  called  the  line  of 
constant  consumption  starts  at  the  edge 
of  the  flame-holder,  and  further, 
passing  around  the  recirculation  /.one, 
approaches  the  axis  of  the  flame-holder, 


coinciding  with  the  latter  at  infinity. 
The  component  of  average  flow  velocity  which  is  normal  to  this  line  is  by  definition 
equal  to  zero.  For  a  flame  after  an  ignition  source  of  zero  dimension,  this  boundary 
coincides  with  the  axis  of  the  flame,  and  therefore  is  not  specially  distinguished 
in  examining  of  the  latter. 


The  upper  average  boundary  starts  at  the  edge  of  the  flame-holder  and  extends 
toward  the  fresh  mixture.  In  the  region,  located  above  the  lower  average  boundary 
at  a  certain  distance  from  the  flame-holder,  the  longitudinal  component  of  average 
velocity  remains  approximately  constant  longitudinally  along,  as  well  as  transvers 
lo  the  open  flame,  and  is  approximately  equal  to  the  average  longitudinal  flow 
"elocity  v,  so  that  the  pattern  of  development  of  the  turbulent  flame  will  be 
practically  identical  to  the  earlier  considered  case  of  an  open  flame  after  a 
burner,  with  only  the  difference  that  average  Increase  of  volumes  of  combustion 
products  must  be  calculated  taking  into  account  change  of  the  two  average-boundaries  — 
tin.  upper  and  lower. 
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Fig.  5-31.  Combination  of  two  flames. 
Comparison  of  theory  with  experiment 
(turbulent  flame  between  two  flame- 
holders)  . 

a)  data  of  Bespalov,  2aQ  =  40  mm,  v  <= 

■  90  m/sec,  a  =  1.4  (homogeneous 
mixture), 

0”  x  -  40°}  exPeriment>  -  theory, 

b)  data  of  Bespalov:  2aQ  =  20  mm,  v  = 

■  70  m/sec,  a  =  1.4  (heterogeneous 
mixture) , 

J  —  x  =  80, 

•  -  x  =  100, 

A  —  x  =  300. 
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At  very  large  distances  from  the  flame-holder,  when  the  dimension  of  the  flame- 
holder  does  not  play  a  role  in  the  value  of  y(x),  determination  of  the  quantity  uT/v 
can  be  performed  just  as  in  the  ease  of  burners,  according  to  the  slope  of  the  upper 
average  boundary  of  the  flame.  Values  of  uT  determined  taking  into  account  the  noted 
systematic  peculiarities  for  a  turbulent  flame  after  a  flame-holder  in  an  open  flow 
coincide  with  corresponding  values  of  uT  measured  in  flames  after  burners  (see 

s  n. 

In  Fig.  5.6  there  are  given  average  boundaries  and  dispersion  of  a  turbulent 
flame  after  a  single  f lame-holder  in  a  pipe,  calculated  according  to  [34].  From 
Fig.  5.6  it  is  clear  that  average  boundaries  of  the  flame  after  flame-holders  of 


Fig.  u.32.  Distribution  of  the  mean 
a(>)  and  dispersion  a2  of  a  flame 
after  a  flame-holder.  Data  of 
.'h.'herbina:  \  =  26  m/sec,  a  =  1.48, 

e  -  0---1.48, 

•  -  0(x). 

□  -  a  =  1.80, 

o-/W-  , 


various  dimensions  and  various  angles  at 
the  vertex  occur  practically  in  parallel 
with  each  other,  with  the  same  slope  t.c 
the  direction  of  the  incident  flow.  The 
intensities  of  turbulence  of  the  incident 
flow,  according  to  measurements  by  hot-wire 
anemometer,  were  in  all  cases  Identical 
and  equal  approximately  to  the  steady-state 
level  of  pipe  turbulence  (4  to  b%>) .  From 
Fig.  5.6  it  is  clear  that  the  same  valuer, 
of  intensity  of  the  turbulence  are  obtained 
from  calculations  with  the  dispersion 
function.  For  decrease  of  the  Influence 
of  averaging  errors  of  the  thermocouple, 


function  n(x)  was  calculated  over  the  lower1 


half  of  the  profile  of  average  temperatures.  Dispersion  functions  o(x)  for  all 


three  flame-holders  are  practically  identical,  and  coincide  with  the  dispersion  of 


turbulent  diffusion  of  the  incident  flow.  The  understating  of  the  value  of  o(>)  at 
large  lengths  of  the  flame  after  a  flame-holder  with  diameter  of  70  mm  can  be  explained 


by  the  contraction  of  the  flow  of  fresh  mixture  during  approach  of  boundaries  of  the 
flame  t  walls  of  the  pipe  (by  increase  of  average  velocity  of  the  incident  flow 
along  the  pipe) . 

Possibly  for  this  reason,  for  function  a(x)  of  this  flame  there  is  noticed  a 
weak  Inflection  [weak  decrease  of  the  slope  of  function  a(x)].  Let  us  note  that 


"such  an  under statment"  is  also  fully  possible  due  to  errors  in  the  calculation  of 
points.  The  straight  lines  of  the  average  boundaries  a(x),  as  one  may  see  from 
Fig.  5.6,  converge  not  to  the  edge  of  the  flame-holder,  but  in  the  region  of  the 
stagnant  wake  after  the  flame-holder.  For  flame-holders  with  diameter  d  =  55  mm 
and  angle  at  the  vertex  of  the  cone  of  30°,  the  distance  from  the  edge  of  the 
flame-holder  to  the  point  of  intersection  of  the  average  boundary  with  the  stagnant 
wake  is  approximately  equal  to  150  mm.  For  a  stabilizer  with  diameter  of  35  mm  and 
angle  of  60°,  and  for  a  stabilizer  with  a  diameter  of  JO  mm  and  angle  of  30°,  this 
distance  is  noticeably  shorter,  and  is  equal  approximately  to  100  mm.  At  this  dis¬ 
tance,  according  to  our  concept,  there  is  formed  a  turbulent  flame  front.  Conditions 
for  the  existence  of  a  burning  front  in  the  vortex  sheet  on  the  boundary  between  the 
stagnant  wake  and  the  incident  flow  of  fresh  mixture,  which  is  continuously  maintained 
by  heat  from  the  combustion  products  of  the  stagnant  wake,  and  which  is  motionless 
relative  to  the  incident  low,  are  replaced  by  conditions  for  existence  of  a  burning 
front  moving  independently  toward  the  Incident  flow  of  fresh  mixture.  At  this  dis¬ 
tance  there  is  answered  the  question  about  independent  existence  of  a  turbulent 
flame  after  a  given  flame-holder .  Therefore,  the  magnitude  of  this  distance  will 
depend  on  the  mixture  ratio,  dimension  and  shape  of  the  flame-holder,  but  will  never 
exceed  the  length  of  the  recirculation  zone  (stagnant  wake)  after  the  flame-holder. 
Values  of  u^/v  calculated  according  to  the  average  slope  of  the  average 
boundaries  will  agree  with  values  of  the  Intensity  of  turbulence  of  the  incident 
flow,  with  corresponding  values  of  u^/v  measured  behind  flame-holders  in  an  open 
flow  and  behind  burners  (§7).  This  indicates  the  fact  that  the  flow 

o 

pattern  of  fresh  mixture  in  the  flame  after  a  flame-holder  turns  out  to  be  practically 
the  same  as  in  the  case  of  a  flame  after  a  linear  burner  (in  a  pipe)  (see  §  5), 
but  both  halves  of  the  flame  are  spaced  at  the  edges  of  the  flame-holder. 
Mathematically  this  means  that  the  transverse  component  of  average  velocity,  averaged 
selectively  only  over  the  fresh  mixture,  is  practically  equal  to  zero  at  any  point 
of  the  flame,  since  by  imposing  this  condition  on  either  of  the  halves  of  the  flame 
after  the  flame-holder,  it  is  possible  to  arrive,  just  as  in  the  case  of  a  flame 
after  a  linear  burner  (§  5),  at  the  formula 

da(x)  _  «t 

—  ■  S  • 

dx  0 
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Physically  this  means  that  an  arbitrary  elementary  volume  of  fresh  mixture, 
for  instance,  passing  along  the  edge  of  a  flame-holder,  moves  practically  parallel 
to  the  axis  of  the  pipe  without  experiencing  average  deflections  to  the  axis  of  the 
turbulent  flame  until  fresh  mixture  in  this  volume  starts  to  burn.  Elementary 
volumes  of  the  formed  combustion  products  can  then  expand  and  move  longitudinally, 
as  well  as  transversely  across  the  basic  flow,  thus  filling  the  space  after  the 
flame-holder.  In  practice  such  a  picture  of  the  flow  Is  apparently  obtained, 
because  in  the  process  of  formation  the  hydrodynamics  of  a  turbulent  flame  after  a 
flame-holder,  it  is  easier  for  forces  of  pressure  and  inertia  to  form  a  new  flow  of 
the  light,  hot  gas  which  is  formed  than  to  change  the  existing  motion  of  the  heavier 
(with  greater  inertia)  flow  of  fresh  mixture. 

With  such  a  consideration  another  experimental  fact  becomes  more  understandable: 
why  dispersion  of  the  turbulent  flame  after  a  flame-holder  turns  out  to  be  practically 
equal  to  the  root -mean- square  turbulent  displacements  of  volumes  of  fresh  mixture. 

If  the  turbulent  flame  is  located  after  a  single  flame-holder  in  the  pipe,  then 
there  always  appears  the  doubt:  is  such  a  flame  compressed  by  the  walls  of  the  pipe 
enough  that  flow  in  it  can  be  considered  to  be  the  same  as  in  a  closed  flame.  For 
instance,  in  the  experiments  of  Shcherbina  [24],  the  turbulent  flame  is  actually 
open,  althou':’.  it  stands  in  a  pipe,  but  the  average  boundaries  of  the  flame  do  not 

cover  the  entire  cross  sectioi 
of  the  pipe.  Therefore,  It 
is  expediently  to  consider 
parameters  of  turbulent  flames 
after  a  group  of  stabilizers 
in  a  pipe,  when  It  is  surely 
possible  to  speak  about  a 
closed  flame.  In  Fig.  b.7 
there  are  given  graphs  of 
functions  of  the  mean  a(x) 
and  dispersion  a(x),  which  were 
calculated  over  fields  of 
average  temperatures  with 
group  placement  of  flame-holders  according  to  data  of  Solntsev.  Comparing  these 
data  with  the  same  data,  but  after  a  single  flame-holders  (presented  In  Fig.  5.7), 


Fig.  1  ,y-j.  The  influence  of  a  turbulence-generating 
grid  before  a  flame-holder  on  parameters  of  the 
turbulent  flame. 
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it  is  possible  to  see  that  values  of  tty/v  and  u  /v  calculated  according  to  tne 
mean  and  the  dispersion  practically  coincide;  i.e.,  the  given  data  after  a  single 
stabilizer  indeed  pertain  to  the  case  of  burning  of  r  flame  in  a  pipe. 

Till  now  there  have  been  presented  cases  when  turbulence  of  the  incident  flow 
was  practically  equal  to  pipe  turbulence:  the  intensity  of  turbulence  of  the 
incident  flow  oscillated  moreover  in  dependence  on  the  accuracy  of  calculation  and 
measurements,  and  also  on  small  local  contraction  of  the  flow  within  the  range  of 
values  to  5$.  In  Fig.  5.33  and  5.34  there  are  given  graphs  of  functions  of  the 
mean  and  the  dispersion  of  a  flame  in  that  case  when  before  the  flame-holder  there 
is  installed  a  turbulence-generating  grid.  The  largest  value  of  intensity  of 
turbulence  after  the  grids,  shown  in  Fig.  5-33  and  5.34,  were  equal  to  13  and  20'/. 

In  the  plane  of  location  of  the  flame-holders,  values  of  intensity  of  turbulence 
were  essentially  smaller;  at  the  end  of  the  flame  they  decreased  to  values  of  pipe 
turbulence  ~5$.  Effective  values  of  intensity  of  turbulence  of  the  incident  flow 

i  . 

at  the  beginning  of  the  flame  can  most  accurately  be  judged  by  values  of  u  /v 
calculated  according  to  dispersion  of  the  flame. 

From  Fig.  5.33  and  5.34,  it  is  seen  that  average  values  of  uT/v  at  the 
beginning  of  the  flame  correspond  to  values  of  the  intensity  of  turbulence  of  the 
incident  flow  at  the  beginning  of  the  flame  {according  to  data  of  Colntsev  at 
E  *  7  to  12$,  u^/v  »  0.07  to  0.1).  With  decrease  of  the  value  of  e  along  the  flame, 
the  quantity  u^v  also  decreases.  This  is  especially  noticeable  for  a  stronger 
turbulizing  grid,  for  which  the  difference  between  values  of  intensity  of  turbulence 
at  the  beginning  and  at  the  end  of  the  flame  is  greater.  In  Fig.  5.33  and  5,34 
there  is  also  seen  a  large  difference  between  values  of  the  mean  and  the  dispersion 
of  the  flame  after  a  flame-holder  with  grid  and  without  grid.  However,  this 
difference,  as  can  be  seen,  is  fully  explained  by  the  difference  between  level.  f 
turbulence  of  the  incident  flow. 

Thus,  parameters  of  a  turbulent  flame  after  a  flame-holder  are  completely 
del  ermined  by  turbulence  of  the  incident  flow.  It  is  possible  once  again  to  be 
convinced  of  this  by  considering  two  other  specific  forms  of  the  influence  of 
turbulence  of  the  incident  flow.  This  is  the  influence  of  local  increases  and 
decreases  of  turbulence  of  the  fresh  mixture  on  parameters  of  a  turbulent,  flame 
after  a  flame-holder.  In  Fig.  5.27  there  are  given  graphs  of  functions  a(x)  and 
o(x)  after  a  flame-holder  with  prctrussions.  This  flame-holder  can  be  considered 
as  a  flame-holder  with  diameter  of  35  mm  on  which  there  is  set  a  small  turbulizing 
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grid  with  a  height  of  70  mm,  which  gives  in  the  region  of  the  flame-holder  a  local 
increase  of  turbulence  of  the  incident  flow.  What  is  obtained  after  such  a  flame- 
holder  may  be  seen  from  Fig.  5.27.  In  the  region  of  the  flame-holder  there  is 
observed  a  noticeable  increase  of  magnitude  corresponding  to  the  local  raised 
value  of  intensity  of  turbulence,  calculated  according  to  the  dispersion.  After  the 

average  boundary  of  the  flame 
passes  beyond  the  bounds  of  the 
region  n*"  the  raised  value 

9(41-  without  *rtJ 

of  intensity  of  _ _  ,  .he 

magnitude  of  u^/v  takes  a  value 
corresponding  to  turbulence  of 
the  incident,  undisturbed  flow. 

The  average  boundary  of  the  flame 
is  obtained  to  be  in  the  form  of 

Fig.  5.3**.  The  influence  of  a  turbulizing 

grid  before  the  flame-holder  on  parameters  a  broken  line, 

of  a  turbulent  flame. 

Grid  b  =  15  (mm),  6y^  =  20#  to  5$,  a  =  In  Fig.  5.35  there  are  given 

=  1.5,  T.  =  100°C,  T„  =  1320°C,  v  =  50  m/sec,  „  .  ..  .  .  . 

12  '  contours  of  the  average  boundaries 

2h  =  35  (mm) . 

of  flames  when  there  is  considerable 
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Fig.  5.3**.  The  influence  of  a  turbulizing 
grid  before  the  flame-holder  on  parameters 
of  a  turbulent  flame. 

Grid  b  =  15  (mm),  e  =  ?0%  to  5$,  a  = 

=  1.5,  T1  =  100°C ,  T2  =  1320°C,  v  =  50  m/sec, 
2h  =  35  (mm) . 


blockage  of  the  section  of  the  chamber  by  flame-holders.  With  such  blockage,  average 
flow  velocities  of  the  fresh  mixture  between  flame-holders  turn  out  to  be  much  larger 


than  the  average  velocity  before  the 

1 

a  gro!  . 77  flame-holders.  Due  to  contraction  of 

$  - - - .*  — =’-- — the  fiOWt  the  intensity  of  turbulence 

|  _ 

■”*  between  the  flame-holders  considerably 

decreases  (approximately  in  the  ratio 

Fig.  5.35.  Influence  of  blockage  of  the  „  .  .  .. 

section  of  a  chamber  by  flame-holders  of  the  a’-erage  velocities  in  the  narrow 

>  °"  '■ar“rter8  °f  a  plaoe  ana  before  It) .  Valuer  of  uT/v, 

a. 

as  can  be  seen  from  Fig.  5.35,  then 
turn  out  to  be  noticeably  lower.  Values  of  o(x)  also  turn  out  to  be  lower.  The 
effect  of  bringing  the  two  flame-holders  closer  together  was  investigated  in  detail 
by  Bespalov  (see  Chapter  VII).  According  to  his  data,  the  dependence  of  decrease 
of  the  value  of  with  decrease  of  the  gap  between  flame-holders  is  still  more 
noticeable.  However,  this  dependence  may  also  be  explained  by  deflection  of  the 
aerodynamic  axes  of  the  flame  during  their  approach  which  was  possible  in  the 


experiments  of  Eespalov. 


The  two  given  examples  suggest  the  possibility  of  obtaining  much  shorter 

chambers,  with  larger  mean  values  of  u  ,  if  we  alternate  grids  of  flame-holders 

T 

with  combustion  and  without  combustion.  The  grid  of  flame-holders  without 
combustion  must  be  set  at  a  distance  upstream  somewhat  larger  than  the  length  of 
zone  of  counter  currents  so  that  the  flame  will  not  jump  into  the  recirculation  zones 
of  these  flame-holders,  in  such  a  manner  that  the  wake  of  increased  turbulence  after 
the  flame-holder  without  combustion  falls  exactly  within  the  space  between  the 
flame-holders  without  burning  will  be  used  to  the  full  extent  for  the  intensification 
of  the  burning  process.  All  necessary  rough  engineering  calculations  can  be 
performed  using  data  given  in  this  paragraph  and  in  §  7. 

We  will  consider  one  more  hydrodynamic  peculiarity  of  burning  after  a  flame- 
holder.  The  profile  of  average  temperatures  along  the  axis  of  a  flame,  as  is 
known  from  may  experimental  data,  including  those  data  of  Solntsev  analyzed  here, 

undergoes  unique  dip  in  values  of 
temperatures  somewhere  in  region 
of  the  recirculation  zone.  There 
appears  the  question:  is  it 
possible  to  explain  this  dip  by  a 
simple  relationship  between  values 
of  a(x)  and  o(x)  calculated 
according  to  turbulence  of  the 
incident  flow,  or  is  this  dip 
explained  by  some  specific 
peculiarities  of  the  hydrodynamics 
of  large  eddies  in  the  recirculation  zone  inherent  only  to  the  flame-holder?  In 
Fig.  5.36  there  is  given  an  example  of  calculation  of  physical  combustion  efficiency 
along  the  axis  of  a  flame  Pg(x)  and  comparison  of  it  with  the  theoretically 
calculated  function  PgC*)  according  to  assigned  values  of  a(x)  and  a(x).  Chemical 
combustion  efficiency  was  determined  by  the  ratio  of  temperature  at  the  end  of  the 
flame  to  the  adiabatic  temperature  for  the  given  mixture  ratio.  In  experiments  of 
Solntsev,  this  efficiency  oscillated  within  the  interval  of  values  n  (on)  = 

=  0.95  to  O.96.  Likewise,  according  to  values  of  temperatures  on  the  axis  of  the 
flame  near  the  flame-holder  (practically  in  the  stagnant  wake),  r  o-e  was  determined 
chemical  combustion  efficiency  in  the  beginning  of  the  flame.  It,  as  should  have 
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Fig,.  5.36.  Physical  and  chemical  combustion 
efficiencies  along  the  axis  of  a  flame  after 
a  single  flame-holder  in  a  pipe.  ^ 

1)  theory;  2)  ^  =  1.9;  e  »  6$  **-(1-*"^). 
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been  expected,  was  somewhat  lower  (~0.885).  Through  these  two  points  it  is  possible 
to  draw  a  rraph  of  1  he  mon  tonic  function  (x),  which  is  shown  on  Fig.  5.36  by 

the  dotted  line.  According  to  the  graph  of  average  temperatures  T(x)  and  the  graph 
of  (x)  there  was  calculated  the  function  of  physical  combustion  efficiency 

Pg(x);  the  maximum  dip  of  this  function  at  x  =  150  mm  can  be  explained  if  we 
substitute  values  of  a(x)  and  a(x)  determined  earlier  by  an  independent  method  for 
the  given  value  of  x. 

Ir.  Fig.  5.36,  through  experimental  points  of  the  function  P2(x),  there  is 
drawn  a  theoretical  curve  with  parameters  a(x)  and  a(x)  of  the  theoretical  value 
of  IV(x)  which  were  given  earlier.  It  is  possible  to  explain  the  dip  by  existing 
values  of  functions  a(x)  and  a(x).  The  value  of  the  "dip"  given  in  Fig.  5.36  was 
the  largest  in  the  experiments  of  Solntsev.  All  other  values  were  less.  In 
general,  the  magnitude  of  this  dip  can  be  noticeably  larger,  especially  in  pre- 
separation  regimes  of  burning,  when  the  average  boundaries  of  the  flame  converge  at 
the  end  of  the  recirculation  zone  [the  magnitude  of  a(x)  in  these  cases  may  be 
noticeably  ..ess  than  the  half-width  of  the  flame-holder,  and  comparable  with  the 
magnitude  of  the  dispersion  o(s)]. 

§  7.  EMPIRICAL  DEPENDENCES  OF  THE  SPEED  OF  TURBULENT 
COMBUSTION  ON  PARAMETERS  OF  TURBULENCE;  COMPOSITION 
OF  THE  MIXTURE  AND  PRESSURE 

Earlier  it  was  noted  that  the  overwhelming  majority  of  Soviet  investigators  of 
turbulent  combustion  determined  not  the  speed  of  turbulent  combustion  measured 
acc  rding  to  the  speed  of  growth  of  the  mean-statistical  boundary  of  the  turbulent 
flame,  but  the  speed  of  turbulent  propagation  of  the  flame  measured  according  to 
the  speed  of  growth  of  the  "front"  boundary  of  the  flame.  This  error  was  a  logical. 
result  of  the  erroneous  opinion  that  width  of  the  macrozone  of  a  turbulent  flame  Is 
stationary  since  with  stationary  width  of  the  zone  it  maker,  no  difference  which 
t  otunlary  is  used  to  measure  the  velocity  of  propagation  of  the  flame  into  the  fresh 
mixture:  any  ot  these  speeds  will  determine  the  burning  speed  of  the  fresh  mixture. 

With  such  a  definition  of  burning  speed,  experimenters  did  not  note  a  series  of 
ther  remarkable  properties  of  the  speed  of  turbulent  combustion  u^,:  its  relatively 
small  magnitude,  which  is  fully  explainable  by  turbulence  of  the  incident  flow;  its 
si  at  ionarity  for  uniform  turbulence  when  width  of  the  macrozone  is  non-stat.ionary ; 
the  "rapid  response"  of  the  magnitude  uT  during  fast  changes  of  turbulence  (see 
5  6,  Chapter  V);  the  pus  oil  ie  decrease  of  the  value  of  u.,  by  larg, e-scale 
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turbulence  to  values,  noticeably  smaller  than  the  speed  et’  laminar  burning  u  ;  the 

H 

universality  of  parameter  uT;  and,  finally,  the  existence  of  limits  of  propagation 
of  a  stationary  turbulent  flame  front  for  a  strongly  developed  local  structure  of 
turbulence.  Let  us  note,  however,  that  the  last  fact  recently  was  reflected  In  a 
number  of  experimental  works  [38],  [391-  For  determination  of  parameters  of  a 

turbulent  flame  there  were  used  experimental  materials  of  Bespalov,  Vlasov,  Lushp, 

* 

Solntsev,  Talantov  and  Khramtsova.  According  to  experimental  functions  o(x)  there 
were  determined  values  of  intensity  of  turbulence  and  diffusion  coefficient;  in  all 
cases  they  appeared  to  be  equal  to  corresponding  parameters  of  the  incident  flow 
measured  directly.  Therefore,  in  all  those  cases  when  independent  measurements  of 


turbulence  were  not  conducted,  parameters  of  turbulence  calculated  according  to 
function  a(x)  were  taken  as  parameters  of  turbulence  of  the  incident  flow.  Values 
of  u'/v  and  Dt/v  calculated  according  to  profiles  of  average  temperatures  measured 

by  thermocouple  may  be  somewhat  understated  due  to  errors  from  averaging  by  the 

** 

thermocouple  [41].  This  error  will  be  minimum  during  calculation  of  o(x)  according 
to  the  lower  half  of  the  profile  of  average  temperatures.  Values  of  DT/v  calculated 
according  to  a(x)  of  a  flame  in  a  pipe  may  be  somewhat  understated  due  to  possible 
decrease  of  growth  of  o(x)  during  acceleration  of  flow  in  the  pipe  (see  §  !?)• 

Values  of  DT/v  calculated  according  to  o(x)  of  the  flame  of  a  Bunsen  burner  ma,v  be 
somewhat  exaggerated  due  to  increase  of  the  level  of  turbulence  at  the  end  of  the 
flame,  when  the  latter  goes  beyond  the  limits  of  the  core  of  constant  turbulent 
velocities.  However,  comparisons  of  values  of  u  /v  and  l5T/v  calculated  according 
to  a(x)  with  values  given  by  direct  measurements  of  u'/v  and  D^/v  under  these 
conditions  indicate  that  the  magnitudes  of  the  above  mentioned  errors  are  smal 1  in 
practice,  so  that  these  values,  with  the  indicated  reservations,  can  be  taken  ns 
parameters  of  turbulence  of  the  incident  flow  in  the  case  when  direct  measurements 
are  absent,  or  the  accuracy  of  these  measurements  is  less  reliable. 

The  value  of  uT/v  was  determined  according  to  the  function  of  the  mean  a (>:). 

In  all  cases,  without  exception,  when  it  was  possible  to  guarantee  homogeneity  of 
turbulence  across  (transverse  to)  the  flow,  the  value  of  uT/v  remained  constant  along 


*K.  P.  Vlasov  and  Yu.  A.  dneherbina  participated  in  selection  and  analysis  of 

the  gathered  material. 

**The  highest  accuracy  is  given  by  calculation  of  n(x)  accot  ling  to  fields  of 
velocity  head  of  the  flame  in  an  open  flow. 
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the  flame  [functions  n(x)  were  straight  liner,].  Error  in  determination  of  i^/v  and 
u  T,/vT,  according  to  function  a(x),  and  determination  of  function  a(x)  according 
to  profiler,  of  average  parameters  turns  cut  to  be  much  smaller  than  corresponding 
errors  during  calculation  of  u  /v;  DT/v  and  o(x)  by  any  methods  of  measurement  of 
the  distribution  of  average  parameters.  The  largest  error  in  determination  of 
uT/v  from  ut?0/vT1  for  the  inverted  cone  of  flame  turns  out  to  be  during  calculation 
of  the  magnitude  T0/T1#  For  a  flame  in  a  pipe,  corrections  for  expansion  do  not 
have  to  be  introduced,  but  it  is  necessary  to  be  sure  that  the  flame  is  indeed 
Located  within  the  pipe. 

In  Table  ',>.1  there  are  given  results  of  processing  of  the  data  of  Vlasov,  Lushp, 
fclntsev  and  Scherbina.  Values  of  intensity  of  turbulence  f.%  calculated  according 
t>  measured  by  a  hot-wire  anemometer  [HWA]  (YTA)  and  by  the  optical-diffusion 
method  [ODM]  ( are  designated  accordingly  by  e  . ;  e 0.QM*  ^a^ues  of  measured 

temperatures  T^  and  T^  are  aLso  entered  in  the  table  with  indication  of  their  method 
>f  measurement.  Values  of  u^/v  turn  out.  to  be  of  the  same  order  for  burners  and 
for  flame-holders;  they,  as  a  rule,  are  somewhat  lower  than  or  equal  to  correspondinr 
values  of  the  intensity  of  turbulence  of  the  incident  flow  (at  u  >  u  ).  Obtained 

values  of  uT/v  turn  out  to  be  two  or  three  times  smaller  thean  corresponding  values 

f-'r  velocity  of  propagation  uT/v,  since,  according  to  §  5*  we  have  &  + 

i 

+  (2  to  3)  and  so  forth. 

The  value  of  uT  noticeably  increases  with  growth  of  turbulent  velocity  of  the 

i 

incident  stream  u  ,  and  apparently  by  the  same  law  for  any  method  of  change  of 
magnitude  u  (by  increase  of  average  speed,  installation  of  turbulizing  grid  or 
contraction,  and  so  forth).  During  strong  extinguishing  of  turbulence  by  a 
contraction  (data  of  Lushp),  the  values  of  uT  turn  out  to  be  of  the  order  of  u^  or 
even  less  then  uH.  Let  us  note  that  going  only  the  data  of  Lushp,  it  is  impossible 

to  assert  that  uT  is  less  than  uH,  inasmuch  as  it  is  possible  to  have  doubt  about 

the  true  value  of  u^  due  to  the  fact  that  the  regime  of  burning  indicated  by  the 
author  with  respect  to  a  and  was  inaccurate,  and  also  due  to  the  noticeable 
disagreement  between  absolute  values  of  in  the  data  of  various  authors.  In 
Table  1  .1  there  are  given  data  on  uH  according  to  Inozemtsev,  which  for  the  regime 
Indicated  by  Lushp  with  respect  to  a  and  T^  are  larger  than  values  of  uT  measured 
according  to  the  magnitude  da/dx  =  utT0/T^v  at  the  minimum  possible  values  of  T^/T  . 
If,  however,  for  determination  of  uH  we  take  the  data  of  other  authors  (Dagger,  etc), 
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then  turns  out  to  be  somewhat  larger  than  Ujj  .  It  is  possible,  however,  to  be  sure 
that -for  a  still  higher  degree  of  extinguishing  of  small-scale  turbulence,  values  of 
uT  will  become  less  than  the  corresponding  speed  of  laminar  burning  uH.  If  we 

divide  the  experimental  value  of  uT  in  the  experiments  of  Lushp  by  the  average 

♦ 

relative  magnitude  of  the  burning  surface,  then  we  will  obtain  a  value  of  the 

* 

average  normal  velocity  with  respect  to  the  burning  surface  uHtT  much  smaller  uH, 
which  once  again  indicates  the  inconstancy  of  the  magnitude  uH>T  with  respect  to 

the  burning  surface. 

Frequently  in  the  literature  there  are  given  curves  of  combustion  efficiency 
(temperature)  along  the  flow  axis  between  two  flames  (axis  of  the  flame  of  a  Bunsen 
burner,  axis  of  flow  between  edges  of  two  flame-holders,  and  so  forth).  By  such 
experimental  data  it  is  also  possible,  with  accuracy  sufficient  for  practice,  to 
estimate  all  necessary  parameters  of  turbulence  and  the  magnitude  uT/v.  Really, 
from  geometric  considerations  and  the  scheme  of  statistical  addition  of  turbulent 
flames  between  two  ignition  sources  (Fig.  5.37)»  it  is  possible  to  write 

~Li  +  2J&a(xJ  =  Oi  "d2,5«  —  Arsines: l,  tg«“ST  — ,  (5.66) 

0  s 

where  aQ  —  half  of  the  distance  (transverse  to  the  flow)  between  ignition  sources; 

TI.  —  distance  along  the  flow  axis  from  ignition  sources  to  the  beginning  of 
v  the  rise  of  the  profile  of  average  temperatures  (height  of  the  inner 
cone  of  a  Bunsen  burner) ; 


6  —  distance  along  the  flow  axis  from  the  point  of  beginning  of  the  temperature 

rise  to  the  point  of  ending  of  the  temperature  rise. 


The  value  of  coefficient  2.5  corresponds  to  a  5$  deviation  of  the  "beginning 


point  and  end  point  of  rise  of  the  profile  of  average  temperatures  from  the 


temperatures  T.  and  T~  respectively 


Substituting  the  second  equation  in  the  first,  we  will  obtain 


hence 


ana 


////> 


/////,. 


Fig.  5.37.  Determination  of  parameters  of  a  flame 
according  to  the  profile  of  combustion  efficiency 
along  the  axis  of  a  Bunsen  burner. 

■»  «  «,«• 

“"W53iVi5- 

1)  flame  front;  2)  average  external  boundary  of 
combustion  products. 


The  first  equation  gives  a  certain  average  value  of  uT/v  over  the  length  of  the 
flame.  Let  us  note  that  velocity  of  propagation  then  is  determined  by  the  quantity 
u^/v  *  a^/L^.  The  accuracy  of  determination  of  u^/v  by  this  equation  turns  out  to 
be  higher,  the  less  the  Influence  of  mixing  of  the  flame  with  the  surrounding  air. 
During  strong  mixing  (for  instance,  at  low  pressures  In  the  stream),  the  measured 
value  of  0T  can  be  noticeably  understated,  and  the  value  of  uT  due  to  this  can  be 
noticeably  exaggerated.  The  second  equation  gives  the  value  of  a  for  a  certain 
average  value  of  xQ^  between  values  of  and  E^  +  6T.  For  very  short  flames 
(u ^/v  is  large,  6T  is  small),  according  to  the  value  of  o  it  is  possible  to  give 
an  estimate  of  the  magnitude  of  intensity  of  turbulence  of  the  incident  flow,  after 


writing  according  to  Taylor's  equation: 


_ •  a._5sJ!l_ 

•  ~  ~~  s.sZ^  p 


(5.68) 


and  for  sufficiently  long  flames  (u^/v  is  small;  and  6T  is  large),  it  is  possible 
to  estimate  the  coefficient  of  turbulent  diffusion,  using  the  other  limiting 

solution  of  Taylors  equation: 

Dt  ««  l 

•  .{*♦*)  (5’69) 
Data  of  Talantov  and  Bespalov  processed  with  the  help  of  the  given  relations 

are  given  in  Tables  5.2  and  5. 3. 


I 

From  the  given  tables  it  is  clear  that  values  of  u  /v  calculated  according  to 
c  practically  coincide  with  values  of  u'/v  measured  by  hot-wire  anemometers.  The 
certain  insignificant  systematic  understating  of  values  of  ea  as  compared  to  values 
of  eyi’^  can  be  explained  by  the  above  mentioned  systematic  errors  in  the  determination 
of  quantity  e (by  the  large  value  of  x) .  The  value  of  DT/2a0v  calculated  according 
to  a  from  data  of  Talantov  coincides  with  the  corresponding  value  for  pipe 
turbulence  measured  directly  by  the  optical-diffusion  method  (see  Chapter  IV). 

Values  of  1^,/v  for  corresponding  values  of  average  speeds  and  mixture  ratio 

coincide  with  the  data  of  Flasov  and  Solntsev  given  earlier.  In  Table  5.2  for 

*  /  — 

comparison  there  are  given  values  of  uT/v  and  of  and  5T,  according  to  which  the 
ratios  u^/v  and  uj!/v  were  determined. 

From  the  given  data  one  may  also  see  that  uT/v  practically  does  not  depend  on 
the  shape  of  the  flame-holder  (see  Table  5.3),  decreases  with  increase  of  average 
flow  velocity  and  increases  with  increase  of  the  magnitude  uH.  The  dependence  of 
i^/v  on  average  flow  velocity  is  represented  in  Fig.  5.38.  The  character  of  the 
dependence  of  uT/v  on  average  velocity  v  for  e  =  3  to  according  to  data  of  a]  L 
authors  is  identical;  for  strictly  identical  values  of  parameters  of  turbulence  and 
identical  properties  of  the  mixture,  all  data  can  apparently  be  plotted  on  one  curve. 
From  the  curves  shown  in  Fig.  5.38,  it.  is  clear  that  the  exponent  of  average  flow 
velocity  in  the  dependence  of  uT  on  average  flow  velocity  increases  continuously 
from  0.6  to  0.7  and  higher  in  accordance  with  the  theory.  The  character  of  the 
dependence  of  u  /v  on  u  according  to  data  of  all  authors  is  qualitatively  identical, 
but  the  quantitative  disagreement  between  date  of  Talantov  and  that  of  the  other 
authors  is  quite  pronounced.  According  to  data  of  Besaplov,  Vlasov  and  Khramtsev 
(see  Table  5.1*),  the  value  of  uT/v  increases  with  increase  of  taken  to  a  much 
smaller  power  than  according  to  Talantov  (see  Table  5.2),  Disagreement  between  the 
data  of  Talantov  and  that  of  other  authors  can  first  of  all  be  explained,  in  our 
opinion,  by  the  understated  values  of  u  indicated  in  the  work  of  Talantov.  For  all 

H 

f  the  other  authors,  there  were  used  data  of  Inozemtsev  of  u„  measured  approximately 
under  the  same  conditions;  if,  however,  these  data  have  a  certain  absolute  error, 
then  the  relative  error  arising  during  comparison  of  data  of  all  of  the  authors 
turns  out  to  be  small.  The  stronger  dependence  of  u^/v  on  uH  and  higher  values  of 
u  /v  according  to  Talantov  can  be  partially  explained  b,v  two  other  circumstances: 
b.v  considerably  smaller  values  of  average  velocities  and  considerably  smaller  scales 
.u'  turbulence.  Fir  instance,  at  an  average  flow  velocity  of  1  m/sec,  the  value  of 
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u  /v  changes  according  t  o  Talantov  within  the  Interval  of  valuen  0,04  to  0.08,  which 

H 

comprises  the  overwhelmingly  larger  part  of  the  quantity  uT/v.  If  we  subtract  from 

all  values  of  u  /v  the  values  of  u„/v  corresponding  to  them,  then  the  data  of 
T  B 

Talantov  will  lie  practically  on  the  same  curve  of  (uT  -  uH)/v  versues  u„,  but 
this  curve  will  nevertheless  pass  above  the  one  given  by  the  other  authors.  Let  us 
note  that  due  to  the  large  magnitude  of  u  /v  at  small  average  velocities,  curves 

H 

of  u  /v  versus  v  (see  Pig.  5.38)  go  steeply  upwards  with  decrease  of  average 
T 

velocity.  Scales  of  turbulence  in  the  experiments  of  Talantov  were  approximately 
five  times  less  than  the  corresponding  scales  in  experiments  of  the  other  authors. 

Although  the  dependence  of  u^/v  on  scale  is  relatively  weak,  this  could  also  lead 
to  a  certain  noticeable  increase  of  values  of  uT/v  in  the  experiments  of  Talantov. 

Data  of  Bespalov  are  interesting  because  of  the  wider  indicated  range  of  change 
of  properties  of  the  fresh  mixture.  If  we  consider  the  possible  causes  of 
disagreement  of  data  of  various  authors,  including  here  the  considerable  errors  of 
the  given  approximate  calculation  of  u^/v,  then  it  is  possible  to  plot  the  most 
probable  curve  of  absolute  values  of  ut/v  versus  v  and  uH;  this  curve  will  pass 
somewhere  in  range  of  values  of  Solntsev,  Vlasov  and  Khramtsov. 

The  given  graphic  dependences  can  be  transformed  to  an  analytic  dependence 
which  is  more  convenient  for  engineering  calculation: 

V.  (5.70) 


where  A  =  1  (minimum  value  of  A,  according  to  data  of  Bespalov,  equal  to  0.7). 

Values  of  are  taken  according  to  data  of  Inozemtsev  for  gasoline-air 

mixtures.  Let  us  note  that  the  given  dependence  is  useful  only  for  technical 
calculations  of  burning  of  lean  mixtures,  inasmuch  as  it  reflects  the  physical 
content  of  turbulent  combustion  only  in  approximate  form.  For  instance,  all  of  the 
complicated  dependences  on  T1  and  Tg  in  terms  of  the  parameters  T^/T^^j  D^;  uh»  etc, 
are  expressed  in  this  relationship  only  in  terms  of  the  parameter  u  .  Formally 

H 

this  can  be  done  only  because  the  given  parameters  are  physically  related  with  each 

other,  consequently  they  are  analytically  related.  Change  of  the  value  of  Tg  with 

mixture  ratio  turns  out  to  be  similar  to  the  change  of  u  ,  so  that  it  is  still  not 

H 

exactly  known  why  the  value  of  u  changes  with  mixture  ratio  similarly  to  u  :  due 

T  H 

to  change*of  the  actual  value  of  u  or  the  value  of  T0,  besides  change  of  u  .  To 

H  c  H 

this  question  there  was  dedicated  a  special  experimental  investigation  by  3okolik 
and  Karpov  [x9]<  For  technical  calculations  all  these  fine  points  turn  out.  to  be 
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Imrrift t.e i-ln  1  -is  lorn'  as  It  io  possible  to  express  them  formally  ninthemitlcally  by  a 
dependence-  on  any  one  parameter  Tjj  Tg  or  uH>  The  difference  between  empirical 
coefficients  in  relatione  of  ouch  type  can  appear  only  with  considerable  change  of 
•he  physico-chemical  side  of  the  process!  with  essential  change  of  type  of  fuel , 
value  of  Dm»  a,  v,  and  so  forth. 

likewise  with  the  help  of  the  above  obtained  relationships,  there  were 
processed  the  data  of  Khramtsov  [^0],  According  to  values  of  and  given  in 
w  »k  [ ho ]  we  can  determine  the  speed  of  turbulent  burning  uT  which  is  of  interesting 
m.d  estimate  by  the  calculated  value  of  <1  the  average  values  of  the  parameters  of 
turbulence  along  the  length  of  the  flame.  From  the  systematic  errors  of  such 
calculation,  in  our  opinion  only  one  error  will  be  important  in  the  determination 
of  value  of  6  .  The  fact  is  that  due  to  strong  agitation  of  the  submerged  stream 
In  the  limited  volume  of  the  pressure  chamber,  temperature  along  the  axis  of  the 
flume  in  experiments  of  Khramtsov  attained  the  greatest  value  (much  smaller  than 
the  value  of  the  temperature  of  combustion  products)  and  further  began  to  drop  al  <ng 
the  axis  of  the  flame  due  to  mixing  with  the  surrounding  air.  Thus,  values  of  f>T 
measured  by  Khramtsov  from  point  of  beginning  of  rise  to  the  point  of  end  of  rise 
of  the  profile  of  average  temperatures  turn  out  to  be  too  lov/  as  compared  to  the 
vn lues  o 

into  account  mixing.  This  gives  a  certain  exaggeration  of  the  value  of  u?/v,  which 

docs  not  exceed,  however,  according  to  our  estimates  5  to  15$.  This  error  will 

show  up  more  in  the  determination  of  a  .  Results  of  calculations  of  corresponding 

cp 

parameters  according  to  data  of  Khramtsov  are  given  In  Table  5.^. 

Intensity  of  turbulence  calculated  according  to  a  is  not  given,  3ince  it  is 

cp 

btained  to  be  greatly  understated  for  two  reasons:  from  large  values  of  xQp  TT^ 

at  which  the  first  limiting  equation  of  Taylor  is  inapplicable,  and  due  to 

understated  values  of  6.  For  those  values  of  L.  which  were  observed  in  the 

T  4> 

experiments  of  Khramtsova,  it  is  possible  to  estimate  only  the  ratio  D/v,  which  is. 
t  tie  average  over  the  length  of  the  flame  (see  Table  5.1l).  For  comparison,  in  the 
same  place  there  are  g.iven  values  of  D/v  measured  after  the  grid  in  the  beginning 
of  the  flame.  From  their  comparison  it  is  clear  that  l/v  measured  directly  behind 
the  grid  at  distances  smaller  than  100  mm  from  the  beginning  of  the  flame  turn  ou< 
to  be  much  larger  than  D/v  measured  at  the  end  of  the  flame  according,  to  i;  so  much 
larger  that  this  difference  cannot  be  explained  by  the  understated  values  of  i>7 , 
obtained  due  to  agitation  at  the  end  of  ttie  flame.  This,  can  le  explained  only  by  the 
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b  contained  in  relationships  (5.66)  and  (5.67),  which  were  derived  1  iking 
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fact  that  at.  the  end  01'  the  flame,  parameters  of  turbulence  turn  out  to  be  much 
smaller  than  directly  after  the  grid}  they  apparently  ore  equal  to,  or  even  lean 
than  the  limiting  level  of  pipe  turbulence.  The  value  of  D/v  calculated  according 
to  the  value  of  0T  coincides  with  the  magnitude  of  pipe  turbulence  if  we  only 
consider  5T  is  understated  by  1.5  to  2  timer,  due  to  agitation  (mixing).  According 
to  our  estimates,  understatement  of  5  in  the  experimei  3  of  Khramtsov  is  obtained 
to  be  ol‘  such  an  order  of  magnitude. 

On  the  basis  of  these  data,  we  can  make  the  conclusion  that  effective  (average 
over  the  length  of  the  l'lame)  parameters  of  turbulence  are  not  equal  to  the 
arithmetic  mean  between  the  largest  values  at  the  beginning  of  the  flame  (directly 
after  the  grid)  and  the  lowest  limiting  values  at  the  end  of  the  flame,  but  are 
located  nearer  to  the  limiting  least  values.  The  same  result  is  also  seen  from 
comparison  of  values  of  u^v  and  limiting  values  of  the  intensity  of  turbulence 
given  in  Table  0.4  with  experimental  data  for  turbulence  homogeneous  along  the 
flame  which  are  given  in  the  preceding  tables.  The  same  result  was  noted  according 
to  the  data  of  .'Joint sev  (see  §  6,  and  Table  5.1)  s  with  fast  decay  of 
turbulence  after  the  grid,  the  value  of  u^/v  is  very  regular  with  certain  averaging, 
but  without  any  delay  follows  after  the  intensity  of  turbulence  along  the  flow  and 
rapidly  after  the  intensity  takes  the  limiting  least  value  corresponding  the  steady- 
state  value  of  u/c.  Thus  the  average  value  of  uT/v  along  the  length  of  the  flame 
will  apparently  be  described  well  by  u'/Vjy  which  is  defined  us  as  the  average 
over  the  length  of  the  flame  by  the  relationship 


(x)dx. 


(5.71) 


In  Table  5.**  there  are  presented  also  t^/v  and  u  /v  for  atmospheric  pressure, 
which  were  obtained  by  extrapolation  of  data  given  in  work  [40],  As  follows  from 
Table  0.4,  u^  at  low  pressures  can  be  noticeably  less  than  uH.  The  dependence  of 
parameter  uT  on  pressure  can  be  expressed  very  approximately  by  the  working  formula 


(Strictly  speaking,  the  exponent  noticeably  changes  with  change  of  initial 


(5.72) 


temperature  of  the  mixture).  It  coincides  with  the  power  dependence  given  by 

i 

himself  for  speed  of  propagation  uT> 


From  relationships  given  in  §  3,  Chapter  V,  it  is  clear  that  the  basic 
d< j endence  of  uT  on  pressure  is  determined  by  the  dependence  of  u*  on  pressure. 
Substituting  the  experimental  dependence  u*  ~  p0’^  (see  Chapter  IV)  in  formulas  for 
u„ ,  we  will  obtain  a  dependence  which  is  close  to  the  experimental  dependence,  but 

A  Oft 

with  somewhat  smaller  value  of  the  exponenti  uT  ~  p  *"  .  This  indicates  that  uT 

1 

decreases  with  fall  of  pressure  not  only  due  to  decrease  of  turbulent  velocity  u  . 

1 

In  order  to  eliminate  the  influence  of  parameter  u  on  uT,  there  were  applied 

,  ,  1 

grids  [40],  which  gave  approximately  identical  values  of  u  at  various  pressures. 

(Let  us  remember  that  this  parameter  is  determined  basically  by  the  macrostructure 

of  turbulence).  If  the  influence  of  turbulence  on  uT  reduced  only  to  the  influence 

of  u*  and  1^,  then  the  value  of  uT  would  in  this  case  only  increase  with  fall  of 

pressure,  since  uH  grows  with  fall  of  pressure.  In  reality,  uT,  in  spite  of  increase 

0  12 

of  uH,  decreased  proportionally  to  p  '  .  Decrease  of  uT  can  be  explained  only  by 

the  increase  of  viscosity  v.  Increase  of  viscosity  leads  to  decrease  of  the 
importance  of  the  role  of  the  microstructure  of  turbulence  (scale  q  Increases  with 
increase  of  viscosity) .  This  effect,  as  experiment  shows,  turns  out  to  be  stronger, 

than  the  positive  effect  of  increase  of  Du  and  t.  The  sum  of  the  exponents  in  the 

1 

dependence  of  uT  on  u  and  the  microstructure  function  X  exactly  gives  the  total 
experimental  dependence  of  parameter  u?  on  pressure  (0.28  +  0.12  *  0.4),  Let  us 
note  that  when  turbulence  influences  the  burning  front,  increase  of  parameter  1  with 
fall  of  pressure  must  also  be  considered  as  a  positive  factor:  the  more  slowly  the 
burning  front  passes  through  the  vortices,  the  larger  the  deformation  of  the  burning 
front  by  these  vortices,  the  larger  the  scale  cT  (see  §  3)  and  the  larger  the 
quantity  uT< 

The  obtained  empirical  relationships  permit  us  in  the  first  approximation  to 
estimate  the  length  of  a  straight-through-flow  combustion  chamber. 

LH  us  give  an  example  of  such  a  calculation.  The  distance  between  the  nearest 
edges  of  two  neighboring  flame-holders  is  equal:  2aQ  =  40  mm.  The  length  of  the 
chamber  according  to  (5.67)  is  equal  to 

(5-73) 

In  the  most  general  case,  in  this  relationship  it  is  necessary  to  consider: 

1)  increase  of  average  flow  velocity  according  to  the  relationship  v(x)  = 

(  Wn\ 


v 


■j  are  velocity  and  density  of  the  flow  before  the  combustion 


chamber)  due  to  fall  of  pressure  along  the  chamber) 


2)  decrease  of  uT  due  to  fall  of  pressure  along  the  chamber. 

3)  variation  of  parameters  of  turbulence  along  the  chamber  due  to  decay  of 

* 

turbulence  (after  the  grid),  contraction  (diffusivlty)  of  the  flow  in  the  conical 
chamber,  contraction  of  flow  between  the  flame-holders,  and  so  forth. 

However,  usually  these  factors  turn  out  to  be  not  so  essential,  so  that  the 
value  of  E  can  with  sufficient  accuracy  be  determined  according  to  the  mean  values 

K 

of  v  and  uT  of  the  incident  (on  the  flame)  flow. 

At  pR  ■  1  atm  (abs.),  e  ■  5  to  6#)  a  ■  1  to  1,4  v  >  30  m/sec,  we  have  according 
to  Fig.  5.38  Uj/v  -  0.03  to  0.04) 

S°  thftt  £-  — *  ■  -700  to  500  mi 

•,03-t-O.M 

For  a  homogeneous  mixture,  combustion  efficiency  at  the  end  of  a  chamber  of 
length  LK  will  not  be  below  0.95  to  O.98  according  to  the  determination  of 


experimental  values  of  uT/v  in  Fig.  5.38.  For  a  two-phase  mixture  the  given 
expressions  remain  valid  if  the  composition  of  the  homogeneous  mixture  is  determined 
according  to  the  vapor  phase  of  the  fuel.  The  total  combustion  efficiency  will  be 
thus  determined  by  combustion  efficiency  of  the  vapor  phase  (rj  «  O.9-O.95)  and  the 
combustion  efficiency  of  the  liquid  droplets  which  do  not  have  time  to  be  vaporized 
before  the  flame  front.  Calculation  of  physical  incomplete  burning  due  to 
unevaporated  drops  in  the  turbulent  burning  zone  can  be  performed  by  the  method 
given  in  Chapter  II, 
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CHAPTER  VI 


VIBRATIONAL  BURNING  REGIMES 

§  1.  GENERAL  CHARACTERISTIC  OF  VIBRATIONAL  BURNING 
Not  Infrequently  In  the  development  of  combustion  chambers,  burning  ceases  to 
be  stable,  as  a  consequence  of  which  there  are  observed  knocking,  flameout  and  other 
similar  phenomena  which  must  be  overcome  to  Improve  organization  of  the  process  of 
burning  in  accordance  with  the  principles  presented  in  the  other  chapters.  Sometimes 
instability  acquires  another  character  -  burning  enters  the  regime  of  steady-state 
oscillation.  We  do  not  refer  to  those  random  oscillations  of  pressure  which  always 
accompany  the  process  of  fuel  combustion,  but  to  oscillations  with  large  amplltr.de 
and  a  pronounced  frequency.  Not  infrequently  such  oscillations  damage  elements  of 
the  combustion  chamber.  They  are  always  characterized  by  a  sharp  increase  of  noise 
and,  as  a  rule,  are  impermissible.  In  certain  chemical  industrial  apparatus  in 
furnaces  of  boilers  and  similar  devices  there  are  being  made  attempts  to  use  such 
burning  as  a  normal  operating  regime. 

Burning  characterized  by  clearly  expressed  periodicity  will  be  called  vibrational 
burning.  This  phenomenon  has  been  the  subject  of  many  investigations  (see  for 
Instance  work  [3]).  Vibrational  burning  can  be  characterized  by  different  frequencies. 
In  the  hugh  majority  of  cases,  the  frequency  of  oscillations  is  determined  by 
acoustical  properties  of  the  combustion  chamber,  air  conduits  and  the  channel  through 
which  combustion  products  move.  This  is  due  to  the  fact  that  the  material  whose 


vibrations  are  observed  is  made  up  of  elastic  gas  masses,  and  vibrations  of  an 
elastic  gas  are  described  by  the  equations  of  acoustics. 


fact  that  pressure  In  the  whole  volume  is  changed  simultaneously  and  identically. 

Such  oscillations  are  observed,  in  particular,  in  combustion  chambers  of  liquid-fur  1 
rocket  engines  and  are  described  in  detail  in  the  literature  [1],  These  oscillations 
usually  have  relatively  low  frequency  and  not  infrequently  are  called  therefore 
"low-frequency"  oscillations.  In  combustion  chambers  considered  in  the  present  book 
as  a  rule  there  are  realized  "one-dimensional"  oscillations,  in  which  gas  masses 
oscillate  in  the  direction  along  the  flow  axis;  i.e.,  there  occur  longitudinal 
oscillations.  Moreover,  in  different  sections  along  the  flow  axis,  amplitudes  of 
the  oscillations  are  different,  although  they  occur  with  the  same  frequency  (standing 
waves).  The  frequency  of  these  oscillations  depends  on  the  extent  of  the  gas  flow 
and  on  boundary  conditions.  Inasmuch  as  masses  of  gas  oscillate  not  only  in  the 
region  directly  adjacent  to  the  burning  zone,  but  also,  for  instance,  in  feed  pipes, 
we  will  consider  the  following  idealized  process:  gas  moves  through  a  sufficiently 
long  pipe  of  constant  cross  section,  and  in  a  certain  region  of  this  pipe  there 
occurs  burning.  As  it  is  known  from  acoustics,  the  period  of  oscillation  of  the;  gas 
in  such  a  pipe  (if  both  its  ends  are  open  or  closed)  is  equal  to  the  transit  time 

of  the  acoustical  pulse  through  the  pipe  along  the  flow  and  back  again: 


*1 
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where  x  —  coordinate  along  the  flow  axis; 

L  —  length  of  pipe; 

u  —  local  velocity  of  (one-dimensional)  flow; 
a  —  local  speed  of  sound. 

If  one  end  of  the  pipe  is  open  and  the  other  is  closed,  then  the  period  is 
doubled : 


It  is  necessary  to  say  that  frequencies  u)  found  by  these  formulas, 

M  — 

•«i  ’ 
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will  characterize  the  fundamental  tone,  or  first  harmonic  of  the  oscillations. 
However,  there  can  be  excited  higher  harmonics,  having  higher  frequencies.  Kor  th< 
first  case  these  frequencies  can  be  obtained  from  the  frequency  of  tin  first  harmonic 
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by  multipllcatioi  by  2,  3>  't ,  etc . ,  and  for  the  second  case  -  by  multiplication  by 


3.  6,  1,  etc. 

It  is  necessary  to  say  that  frequencies  calculated  in  this  way  will  give  only 
orders  of  magnitudes  of  the  actually  observed  frequencies,  since  the  elementary 
acoustic  calculation  given  above  does  not  take  into  account  certain  properties  of 
the  burning  process.  However,  usually  such  a  rough  estimate  is  sufficient. 

The  boundary  conditions  mentioned  above  require  a  certain  explanation.  The 
end  is  considered  to  be  "open"  in  the  case  when  flow  in  it  is  subsonic  and  the  end 
section  is  not  blocked  by  structural  elements,  but  it  is  "closed"  in  the  case  when 
total  flow  areas  are  very  small  as  compared  to  the  cross  section  of  the  flow  in  the 
pipe  or  ar-  ibs'-nt  altogether,  or  if  flow  in  the  end  section  attains  the  speed  of 
sound  (critical  contraction  at  the  entrance  to  the  pipe  or  initial  section  of  the 
Laval  nozzle  at  the  exit  from  the  pipe).  When  at  either  one  or  both  ends  of  the  pipe 
there  exist  transonic  velocities,  the  length  of  the  pipe  L  is  defined  as  the  distance 
between  the  sections  in  which  the  speed  of  sound  is  attained,  or  between  such  a 
section  and  the  other  end  of  the  pipe. 

Along  with  longitudinal  oscillations  there  can  also  exist  transverse  oscillations. 
In  this  case  masses  of  gas  oscillate  not  along  the  flow  axis,  but  in  directions 
normal  to  this  axis.  Here  there  can  be  realized  tangential  oscillations,  in  which 
the  characteristic  dimension  will  not  be  the  length  of  the  pipe  L,  but  its  diameter 
IJ,  or  radial  oscillations,  possessing  axial  symmetry  and  characterized  by  the  radius 
D/2.  Inasmuch  as  usually  L  »  D,  tangential  oscillations  will  bo  characterized  by 
higher  frequencies  than  longitudinal  oscillations,  and  radial  —  by  higher  frequencies 
than  tangential.  This  explains  the  fact  that  transverse  oscillations  sometimes  are 
called  "high-frequency"  oscillations. 

Upon  the  appearance  of  vibrational  burning,  it  is  necessary  first  of  all  to 
determine  with  what  type  of  oscillations  we  arc  dealing.  As  a  rule,  this  is  dctermin<  d 
by  an  oscillogram.  Knowing  the  characteristic  dimensions  of  the  combustion  chamber, 
it  is  easy  to  estimate  the  orders  of  magnitude  of  the  expected  frequencies  of  longi¬ 
tudinal  acoustic  oscillations  and  "high-frequency"  oscillations.  If  the  observed 
frequencies  are  noticeably  lower  than  those  which  are  determined  by  formulas  (6.1), 
(6.2)  and  (<  .35),  then  wc  have  "low-frequency"  oscillations.  In  the  hugh  majority  of 
cases  there  appear  longitudinal  oscillations,  which  are  considered  below. 
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§  2.  GENERATION  OF  ACOUSTIC  ENERGY  BY  THE  BURNING  PROCESS 

During  the  analysis  of  vibrational  burning  it  is  necessary  to  imagine  clearly 
the  physical  essence  of  this  phenomenon.  It  is  obvious  that  vibrational  burning  is 
a  self-oscillatory  process,  inasmuch  as  in  combustion  chambers  there  are  absent 
devices  capable  of  serving  as  a  source  of  forced  oscillations.  In  those  rare  cases 
when  there  nevertheless  appear  forced  oscillations  (for  instance,  in  the  ease  of  a 
nonuniform,  fluctuating  supply  of  fuel  by  the  pump),  their  suppression  is  absolutely 
elementary. 

As  already  was  indicated,  during  vibrational  burning  elastic  masses  of  gas 
oscillate.  These  oscillations  are  associated  with  energy  losses;  therefore,  it  is 
most  Important  to  discover  the  source  of  energy  supporting  the  oscillation,  and  the 
mechanism  ("value")  which  periodically  communicates  this  energy  to  the  masses  of  gas. 

Let  us  consider  at  first  the  energy  side  of  the  process  of  vibrational  burning. 
In  Fig.  6.1  there  is  depicted  a  cylindrical  pipe  with  length  of  L,  through  which 

there  flows  a  gas  in  the  positive  direction  of 
the  x-axis.  In  a  certain  region  a  heat  is 
supplied  to  the  gas.  The  region  o,  with  volume 
equal  to  V,  is  the  burning  zone.  On  the  left  and 
the  right  of  a  there  are  located  passive  masses 
of  flowing  gas  which  oscillate.  These  oscillation: 
are  accompanied  by  radiation  losses  of  acoustic  energy  from  the  ends  of  the  pip-  into 
the  external  space.  Oscillations  are  supported  by  processes  occurring  inside  the 
burning  zone,  where  there  is  generated  acoustic  energy,  which  then  flows  to  the  left 
and  to  the  right  from  a  and  replenishes  the  losses. 

We  will  designate  the  total  magnitude  of  acoustic  energy  flux  "radiated"  by 
region  o  by  A^.,  and  by  A'  and  A"  we  will  designate  energy  fluxes  intersecting  the 
left  and  right  boundaries  of  the  region  a. 

Then 

Ai-A'-A'.  (<'.**) 

Signs  of  A'  and  A"  are  selected  in  such  a  manner  that  flux  A.  is  positive  If  th 
acoustic  energy  flows  from  zone  a  toward  the  ends  of  the  pipe;  then  it  is  considered 
that  A'  and  A"  are  positive,  if  energy  flows  In  the  positive  direction  of  the  x-axis. 

It  is  obvious  that  the  condition  Ay  >  0  signifies  transmission  of  acoustic 
energy  from  the  burning  zone  n  to  masses  of  gas  located  In  neighboring  sections  of 


Fig.  6.1.  Schematic  diagram  of 
a  pipe  with  burning  zone  o 
located  inside  it. 


the*  pipo.  In  ease*  of  the  ideal  process,  when  losses  are  absent,  the  condition  for 
excitation  of  the  system  (condition  of  instability)  can  be  written  in  the  form  of 
inequality 

Az  >  0.  (6.5) 

Actually,  since  in  the  absence  of  losses  (including  radiation  losses  into  the 
external  space)  acoustic  energy  will  remain  In  the  pipe,  then  in  accordance  with 
inequality  A-  >  0  the  quantity  of  it  will  constantly  increase,  and,  as  a  result, 
the  amplitude  of  the  oscillations  will  increase.  This  increase  of  amplitudes  we 
will  call  excitation  of  the  system,  and  we  will  call  the  system  itself  unstable. 

If  there  is  realized  the  condition 

<  0,  (6.6) 

then  the  oscillations  will  alternate.  It  is  possible  to  imagine  this  in  the 
following  way:  Let  us  assume  that  the  system  builds  up  with  the  help  of  some  external 
influence.  Then  the  oscillating  gas  masses  will  contain  a  certain  reserve  of  acoustic 
energy.  Condition  Ay  <  0  shows  that  this  acoustic  energy  will  flow  toward  the  zone 
a  and  be  absorbed  in  it.  In  this  case  the  burning  process  in  region  o  appears  not 
as  a  generator  of  acoustic  energy,  but  as  an  absorber  of  it.  Such  oscillations 
characterize  a  stable  system. 

The  process  differentiating  the  two  considered  processes  will  be  characterized 
by  constancy  of  the  amplitudes  of  oscillations  and  be  called  the  boundary  of  stability 
(neutral  oscillations),  and  the  condition  of  its  existence  can  be  written  in  the 
form  of  the  equality 

Ay  =  0.  (6.7) 

If  there  exist,  losses  and  if  they  are  equal  to  R  >  0,  then  instead  of  conditions 

f 

(u. !;)- (u,7 )  it  is  natural  to  write 

Ay  >  R  —  instability, 

A.-.  <  R  -  stability  (f-.H) 

Av  =  0  —  boundary  of  stability 

The  found  expressions  can  serve  as  a  basis  for  further  investigation,  if  we  giv 
expressions  for  calculation  of  fluxes  of  acoustic  energy  A.  As  it  is  known,  the  total 
flux  of  energy  of  the  gas  flow  is  equal  to 

3  »=p«(-7-+<tf,)+/'«, 


(« .'J) 


where  p  —  density  of  gas; 

u  -  velocity  of  flow; 
p  —  pressure; 

T  —  temperature  of  gas; 

cy  —  its  heat  capacity  at  constant  volume. 

The  first  term  (flux  of  kinetic  and  internal  energy)  is  not  of  interest,  since 
it  is  connected  with  mass  transfer,  whereas  the  acoustic  energy  is  the  energy 
transmitted  by  pressure.  Therefore,  we  will  be  limited  to  consideration  of  only  the 
last  term  of  formula  (6.9).  Let  us  assume  that  in  the  gas  flow  are  established 
harmonic  oscillations 

The  sign  ||  here  and  below  denotes  amplitudes  of  the  corresponding  oscillations. 
The  tern  pu  in  formula  (6.9)  can  be  represented  in  the  form 

pu  -  PtUt  +pfu  -f  utlp  + 1 uip. 

By  integrating  this  equality  over  the  period  of  oscillation  2t r/u)  and  referring 
the  obtained  quantities  to  the  period,  we  will  find  the  mean  value  of  energy  flux 

m 

Flux  PqUq  is  in  no  way  connected  with  the  oscillations,  and  therefore  will  not  be 
considered  below.  The  second  term  on  the  right  side,  however,  is  the  flux  of 
acoustic  energy.  Simple  calculations  give 

u 

m 

a  ■"'irj  (  i'  • 1  ? ) 

Thus,  the  flux  of  acoustic  energy  A  depends  on  amplitudes  of  oscillation  of 
pressure  and  velocity  and  on  the  phase  shift  q?  between  them. 

Let  us  return  to  Fig.  6.1.  We  will  consider  the  flow  on  the  left  and  on  the 
right  of  zone  o  to  lie  one-dl:nensional.  Subscript  "l"  will  bnote  valu-s  on  the  left 
loundary  of  the  burning  zone,  and  subscript  "2"  will  denot"  values  on  Its  ri  'ht 
boundary.  Then  formulas  (6.4)  and  (6.12)  will  take  the  form 
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(6.13) 


Quantities  bu2,  bu^,  bp2  and  bp^  can  have  various  amplitudes  of  oscillation  and 
con  ho  shifted  relative  to  one  another  by  certain  phase  angles  [similar  to  the  shift 
<}>  in  formulas  (6.6)].  However,  their  main  property  is  that  they  will  oscillate  with 
the  same  period  (identical  frequency),  since  all  four  of  these  quantities  are 
connected  with  oscillations  of  the  mass  of  gas  in  the  pipe,  which  oscillates  as  a 
single  elastic  medium. 

Let  us  introduce  the  designations 


rm 

JM 


■  m 


tPt-lPi-X, 

but— flu,  -  E. 


(6.14) 


As  it  is  known,  the  sums  or  differences  between  sine  curves  having  identical 
period  are  also  sine  curves  of  the  came  period  and  have  amplitudes  and  phases  which 
depend  on  the  amplitudes  and  phases  of  the  sine  curves  which  were  added  or  subtracted. 
Bases  on  what  has  been  said.  It  is  possible  to  state  that  quantities  X  and  E  change 
in  time  sinusoidally  with  the  frequency  to. 

The  quantities  X  and  E  formally  here  introduced  have  a  simple  physical  meaning. 

X  indicates  oscillation  of  the  resistance  of  zone  o.  Actually,  the  static  pressure 
drop  p?  -  p1  appears  due  to  thermal  resistance  and  hydraulic  resistance  (flow 
friction)  of  zone  a.  If  pressures  p2  and  p^  have  harmonic  components  bp^  and  bpj  , 
then  oscillation  of  resistance  p2  -  p^  in  time  will  be  equal  to  6p2  -  Bp^,  l.e,,  to  X. 

Regarding  the  quantity  E,  it  indicates  oscillation  of  the  velocity  of  expansion 
of  the  volume  of  gas  inside  a.  Actually,  due  to  heating  of  the  gas  inside  ait.  Is.; 
expanded,  and  this  expansion  is  characterized  by  the  difference  u2  -  u^.  Therefore, 
ouM  -  6u^  characterizes  oscillation  of  this  velocity  of  expansion. 

K  and  X  describe  certain  general  properties  of  the  burning  zone  a;  during 
oscillatory  burning  it  Is  possible  to  expect  oscillations  of  both  the  resistance  of 
zone  o  and  thp  velocity  of  expansion  of  gas  within  this  zone. 

By  expressing  bp  and  6u0  in  terms  of  bp.  ,  6u.  ,  X  and  E,  and  placing  these 
expressions  in  (e.13),  we  will  obtain 
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Inasmuch  as  X  and  E  are  generalized  characteristics  of  the  process  of  oscillatory 


burning,  it  Is  possible  to  state  that  the  obtained  formula  gives  the  value  of  the 
flux  of  acoustic  energy  "radiated"  by  region  o  In  the  form  of  a  function  of  the 
oscillation  of  pressure  and  velocity  before  the  burning  zone  and  properties  of  the 
actual  burning  process  (X  and  E).  It  Is  Interesting  to  note  that  of  the  groat  number 
of  possible  characteristics  of  burning,  for  finding  Av  it  is  sufficient  to  know  only 

s-i 

two  —  X  and  E. 

If  we  agree  to  designate  phase  shifts  between  E  and  Bp^  by  between  X  and 
6u^  by  and  between  E  and  X  by  then  by  analogy  with  expression  (6.12)  it  is 

possible  to  write 

A,  -  i- (|£ | c«$i  +  IXl (6«,| cos ',2  +  |X| |E|  cos *3).  ( b .  16 ) 

Let  us  consider  two  particular  cases.  Let  us  assume  that,  for  instance,  X  0. 

Then 

A— 

The  condition  for  excitation  >  0  will  be  satisfied  only  for  —  <  ^  For  slow 

flows  it  Is  possible  in  the  first  approximation  to  consider  that  the  oscillatory 
component  of  velocity  of  expansion  E  is  near  in  phase  to  the  oscillatory  component 
of  heat  addition.  Then  the  most  favorable  condition  for  excitation  of  the  system 
-  0)  will  be  the  condition  that  the  phase  of  pressure  oscillation  coincide  with 
the  phase  of  heat  addition  (the  maximum  of  heat  addition  should  occur  at  the  moment 
of  the  highest  compression). 

Another  particular  case  will  be  the  condition  E  =  0.  Then 

A,— Lpqitajmfc. 

Considerations  analogous  to  those  mentioned  above  will  give  the  condition  which 
is  the  most  favorable  for  excitation  of  the  system  =  0.  It  is  necessary  only  to 
consider  that  increase  of  heat  addition  corresponds,  due  to  increase  of  thermal 
resistance,  to  decrease  of  p2  (and  not  to  increase  of  Ug  as  in  the  preceding  example), 
and  therefore  the  maximum  of  heat  addition  (minimum  of  X)  should  be  attained  at  the 
moment  when  velocity  has  its  minimum  value  (bu^  has  its  maximum  negative  value). 

The  two  elementary  cases  considered  here  correspond  t.u  borrowing  of  energy  from 
two  different  sources  —  the  thermal  and  kinetic  energy  of  the  flew.  This  can  be 
shown  by  means  of  simple  reasoning. 


1.  When  oscillation  or  heat  addition  is  in  phase  with  oscillation  of  pressure, 

t h  ri  moments  of  increased  pressure  correspond  to  Increased  heat  addition,  and  moments 
of  lowered  pressure  correspond  to  a  decreased  quantity  of  added  heat.  If  we  consider 
this  process  relative  to  a  certain  average  level  of  heat  addition,  then  it  is  possible 
to  say  that  during  compression  of  the  gas  there  occurs  extra  heat  addition,  and 
jurLng  rarefaction  of  the  gas  there  occurs  heat  removal.  As  it  is  known  from 
thermodynamics,  such  a  cycle  gives  positive  work,  i.e.,  converts  thermal  energy  into 
mechanical  energy,  where  this  occurs  periodically.  Consequently,  into  the  oscillatory 
system  there  will  periodically  enter  mechanical  energy,  building  up  oscillations  of 
the  system. 

2,  Oscillating  heat  addition  will  give  rise  to  oscillating  thermal  resistance, 
dust  as  any  other  oscillating  resistance,  it  can  transform  part  of  the  kinetic  energy 
of  £  flow  of  gas  incident  on  it  to  oscillatory  form. 

Thus,  an  oscillatory  system  can  acquire  energy  from  the  two  indicated  sources. 

Under  actual  conditions,  E  and  X  are  different  from  zero,  and  the  oscillatory 
system  simultaneously  interacts  with  the  two  sources  of  energy.  Inasmuch  as  heat 
addition  cannot  simultaneously  be  In  phase  with  pressure  and  in  antiphase  with 
velocity,  in  general  the  conditions  for  excitation  are  more  complicated,  and  will 
not  he  described  here.  Formally  they  are  expressed  by  formulas  (6.16)  and  (6.8). 

Thus,  for  analysis  of  the  process  of  excitation  of  vibrational  burning,  it  is  suffi¬ 
cient  to  know  only  two  characteristics  of  the  burning  zone  -  E  and  X.  The  elementary 
considerations  given  here  concerning  the  relationship  of  E  and  X  with  oscillation 
of  heat  addition  are  insufficient,  and  their  determination  requires  special 
investigations . 


§  J.  IDEALIZATION  OF  A  PERTURBED  COMBUSTION  PROCESS 
In  order  to  give  a  method  for  actual  determination  of  E  and  X,  we  will  consller 
the  process  occurring  in  the  burning  zone  in  more  detail.  Let  us  make  the  assumption 
that  the  extent  of  the  intense  burning  zone  a  is  small  as  compared  to  the  total  lenrth 
of  the  combustion  chamber  L  (see  Fig.  6.1).  Speaking  of  smallness  of  a  as  compared 
to  L,  let  us  agree  to  understand  by  the  region  of  perturbed  heat  addition  only  that 
part,  of  tin  burning  zone  in  which  there  occurs  noticeable  oscillation  of  heat  addition. 
As  a  rule,  this  zone  corresponds  to  the  initial  section  of  the  region  of  burning. 

This  is  quite  natural,  inasmuch  as  Initial  sections  of  the  region  of  burning,  where 
burn.lh:  still  tins  not  completely  developed,  are  especially  sensitive  to  |  ■  rturba'  L  i  s 
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of  velocity,  pressure,  temperature  and  other  parameters  of  the  gas  incident  on  the 


burning  zone.  With  regard  to  sections  located  at  a  sufficient  distance  from  the 


flame  front,  although  there  may  be  considerable  heat  release  here,  oscillation  of 


heat  addition  is  less  probable. 


We  will  define  the  boundaries  of  the  region  a.  We  will  call  the  volume  V 


contained  between  two  fixed  planes  normal  to  the  axis  of  the  pipe  inside  which  the 


process  of  perturbed  burning  occurs  the  zone  of  perturbed  burning.  Thus  the  surfaces 


of  the  flame  and  of  the  region  of  perturbed  burning  must  not  intersect  the  boundaries 


of  volume  V  when  they  are  in  their  extreme  forward  and  extreme  rear  positions,  which 


they  can  take  as  a  result  of  the  oscillatory  motion  of  the  mass  of  gas  in  the  burning 


zone . 


The  burning  zone  o  is  schematically  depicted  in  Fig.  6.2,  It  is  bounded  by 


sections  and  Fg.  Inasmuch  as  sections  F^  and  F2  are  removed  from  the  surface  of 


the  flame  S,  we  will  consider  flow  in  them  to  be  one -dimensional.  For  relation  of  th. 


parameters  of  flow  in  sections  F,  and  F_,  we  will  write  the  laws  of  conservation  of 


mass,  momentum  and  energy: 


r.*“ - '4 

Fig.  6.2.  Burning  zone 
(S  is  the  flame  front). 


f»*«I  +  Pi -  +  Pi  -  y  -£*  ^dV. 

f*h(-y+  c,Tt  +  -  ?,«,  (-£  +  c,Tx  +  ?,)  - 


(6.17) 


where 


F  —  area  of  cross  section  of  the  flow; 


u  —  projection  of  instantaneous  value  of  velocity  of  the  element  on 
the  axis  of  the  flow  (x-axis  in  Fig.  6.1); 


Cp  and  cy  -  heat  capacities  at  constant  pressure  and  constant  volume; 


q  -  latent  chemical  energy  of  a  unit  mass  of  the  fuel  mixture  (the 
change  of  the  flux  of  q  at  intersection  of  zone  a  indicates  that 
part  of  this  energy  was  converted  to  thermal  energy  as  a  result 
of  the  process  of  combustion). 


In  virtue  of  the  incompleteness  of  the  process  of  combustion,  q,;  j  0.  Introduc¬ 


ing  the  concept  of  instantaneous  net  combustion  efficiency 


i  - 
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(6.18) 


it  is  possible  to  eliminate  q^  from  the  equations. 
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Fquations  (0.17)  relate  parameters  of  flow  in  sections  and  Fg. 
preceding  paragraph  it  is  known  that  excitation  of  acoustic  oscillations  is  connected 
with  differences  between  pressures  in  sections  F^  and  Fg  and  with  differences  of 
velocities  in  the  same  sections.  In  order  to  understand  why  these  differences  can 

oscillate,  we  will  for  simplicity  consider  that  p^  and  u^  (section  F^)  are  constant 

and  examine  what  might  cause  oscillation  of  p2  and  Ug  (section  Fg). 

First,  this  can  be  a  result  of  oscillating  heat  addition.  Actually,  if  heat 
addition  oscillates,  then  this  means  that  (p^u^q^  -  PgUgqg)  has  an  oscillatory 
component.  Furthermore,  partial  derivatives  of  the  integrals  will  also  have  such  a 
component.  Let  us  show  this  in  the  example  of  the  first  equation  (6,17).  Due  to 
oscillating  heat  addition,  density  p  behind  the  flame  front  S  will  oscillate,  and 
therefore  the  total  amount  of  mass  in  the  volume  V  will  have  an  oscillatory  component. 
Consequently,  in  the  right  sides  along  with  the  constants  (p^,  u^,  p^,  etc.)  there 

will  be  terms  with  oscillatory  components;  this  means  that  pg,  Ug,  pg,  etc.,  will 

oscillate . 

Secondly,  even  with  constant  heat  addition,  oscillation  of  p2  and  Ug  can  be 
caused  by  mobility  of  the  flame  front.  Let  us  assume,  for  Instance,  that  the  flame 
front  oscillates  between  positions  S  and  S.  in  Fig.  6.2.  Then,  in  spite  of  the 
constancy  of  the  density  of  combustion  products,  the  mass  in  volume  V  will  fluetuof  •. 
Analogous  considerations  can  also  be  given  for  the  two  other  integrals.  This  It  •  1. 
to  the  appearance  of  oscillatory  components  of  p2  and  Ug. 

Consequently,  the  appearance  of  oscillatory  components  of  the  differences  p  ,  - 
-  and  Ug  -  which  were  designated  as  X  and  E,  is  connected  with  the  osclllni  U.n 
of  heat  addition  or  oscillation  of  the  position  of  the  flame  front,  or  with  both 
simultaneously.  It  is  possible  to  show  that  these  two  processes  cannot  be  reduced 
to  the  same  process  (i.e.,  that  they  arc  equivalent),  and  therefore  each  of  them  has 
an  independent  value . 

Oscillation  of  the  flame  front  can  be  associated  with  two  causes.  First,  it  can 
Lie  a  result  of  oscillation  of  flow  velocity  bu^;  the  flow  will,  as  it  were,  "drag" 
the  flame  front  after  itself.  This  cause,  from  the  point  of  view  of  analysis  of 
vibrational  burning,  is  only  secondary,  since  it  is  not  connected  with  the  burning 
process.  Secondly,  the  flame  front  can  be  displaced  duo  to  change  of  the  local 
velocity  of  propagation  of  the  flame  due  to  the  influence  of  local  eddy  rones  on  1 1 1- 
eonl’igurntion  of  the'  flame  front,  or  other  similar  causes,  which  arc  very  s  i gn  i  J'i <•  r>.  t 
for  tills  analysis.  fri  order  to  characterize  them  by  one  quant  ity,  we  will  tale  .si  « . . 1 


change  of  the  effective  velocity  of  flame  propagation  ftuer.  This  velocity  can  be 
defined  as 

(6.19) 

Here  Vj,(t)  is  the  volume  of  hot  gases  after  the  flame  front  S  in  zone  c  in  Fig.  0.2 
(positive  direction  of  uQr  is  taken  to  be  opposite  to  the  positive  direction  of  the 
flow  velocity  u^,  since  the  flame  moves  toward  the  cold  gas).  For  a  plane  flame 
front  normal  to  the  axis  or’  the  pipe,  this  formula  will  coincide  with  the  usual 
definition  of  perturbation  of  the  velocity  of  propagation  of  a  flame.  If,  for 
Instance,  such  a  flame  front  is  motionless  with  respect  to  an  observer,  then  Vr(-r)  = 

■  const  and  OuQr  ■  6u^,  i.e.,  the  velocity  of  propagation  of  the  plane  flame  front 
strictly  follows  the  flow  velocity  in  magnitude.  For  a  flame  front  of  arbitrary 
configuration,  Oucr  is  a  certain  effective  averaged  quantity,  which  is  analogous  to 
the  perturbation  of  velocity  of  propagation  of  the  plane  flame  front.  Below  we  will 
everywhere  use  this  averaged  characteristic. 

Let  us  define  the  time  rate  of  heat  addition  to  the  gas  per  unit  cross  sectional 

area: 

Then,  using  the  first  and  last  equalities  (6.17)  and  also  (6.18),  it  is  possible 
to  write 

O'  —  P|«|1crfl  +  (1  -  Trr)  ?l  Y  ~  J P^- 

By  taking  the  variation  of  the  written  expression  with  respect  to  and  rj  , 
i.e.,  with  respect  to  quantities  determining  the  combustion  process,  and  eliminating 
terms  of  higher  order  of  smallness  relative  to  the  perturbations  6,  we  will  find 

W  -  p,«,<7 +  Pl«lVty|  +  0  —  *r) 

The  last  term  is  retained  without  change,  since  it  from  the  very  beginning  had  the 
same  order  as  6,  Actually,  differentiation  with  respect  to  time  eliminated  the 
constant  term  and  left  only  perturbations  of  the  written  integral. 

Lot  us  assume  that  density  before  the  flame  front  is  equal  to  and  after  it 
P2<  Then  in  virtue  of  the  fact  that  the  fraction  of  change  of  volume  of  cold  gases 
Vx  is  equal  and  opposite  in  sign  to  t lie  fraction  of  change  of  the  volume  of  hot  gases 

-548- 


V  ,  wo  will  obtain 


Pl^-fo-Pl) 


Taking  into  account  equality  (6.19),  we  will  have 

bQ'  -  +  Pi“rtcA7i  +  (1  -r^Aq,  (P2  -  p|)  (A u„  -  fttt,). 


Thus,  the  last  term  is  connected  with  the  perturbation  5ucr,  and  consequently 
has  already  been  taken  into  account  above.  Perturbation  of  heat  addition,  which  Is 
not  connected  with  displacement  of  the  flame  front,  will  be  expressed  as: 

flQ  -  PlM  iHr  +  Pl«rterty|-  (6 .  20 ) 

If  we  linearize  system  (6.17),  then  in  the  final  result  we  can  obtain  6p0,  6u? 
and,  for  instance,  Bp^  in  term’  of  values  of  Bp^,  6u^,  6p^,  6ucr,  and  BQ.  Inasmuch 
as  for  the  considered  question,  the  differences  6p2  -  Bp^  and  &u2  -  Bu^  are  of  main 
Interest,  then  it  is  better  to  write  immediately 

E  =* ««j— Aa,-.a„flp,  +  0,^11,  +  fl„ftp,  +aM««cr+a|iAQ,  |  (6.2i ) 

X  —  fip2 — ftp,  -  a21flp,  -J  •  ajsul  +  fljjfip,  +  Ojfiiifg  +  OjjflQ.  J 

It  is  inexpedient  here  to  give  methods  of  numerical  determination  of  coefficients 

a^,  a2^  [2],  inasmuch  as  they  will  not  be  needed  in  our  calculations.  It  lc 

Important  only  to  note  that  all  these  coefficients  are  constants,  depending  only  on 

the  parameters  of  the  steady- state  flow. 

In  certain  cases  coefficients  In  formulas  (6.21)  turn  out  to  be  simple.  Let  u.- 

use  this  fact  to  point  out  certain  Important  aspects  of  the  process  of  exci'.at J ui  of 

vibrational  burning  in  an  elementary  example.  Let  us  consider,  for  instance,  a  very 

slow  flow,  and  assume  that  6u  is  equal  to  zero.  Then  it  is  simple  to  show  that. 

cr 
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where  k  is  the  adiabatic  exponent. 


O 


If  losses  of  acoustic  energy  are  equal  to  R  >  0,  then  in  accordance  with  the  firs 


Inequality  (6.8)  the  condition  for  excitation  of  the  system  will  he 

*  (6.23) 

Analysis  of  this  Inequality  loads  to  the  following  conclusions: 

1.  Inasmuch  as  from  acoustics  It  Is  known  that  the  quantity  R  is  proportional 
to  squares  of  the  amplitudes  of  the  oscillations,  i.e.,  to  | &p1 J  ,  and  for  the  given 
|6p^|  can  he  considered  to  be  a  constant,  then  excitation  is  impossible  if  the 
amplitude  of  oscillation  of  heat  addition  6q  is  Insufficiently  large. 

Here  it  is  necessary  to  explain  that  we  are  speaking  of  the  ratio  of  |bq|  to 
ISpjJ,  This  becomes  evident,  if  we  divide  both  sides  of  the  inequality  by  |6p^|2, 

2.  For  a  given  sufficiently  large  value  of  relative  amplitude  | oQ| ,  excitation 

is  possible  only  in  the  case  when  phase  angle  lies  within  the  interval  ^  < 

<  where  the  region  of  permissible  phase  shifts  ^  is  smaller,  the  smaller  |&Q|  is. 

Thus,  for  realization  of  conditions  of  self-excitation  of  the  system,  it  is 
necessary  that  perturbation  of  the  burning  process  be  sufficiently  strong  compared  to 
amplitudes  of  oscillation  of  the  medium,  and  that  the  phase  of  this  perturbation  tie 
properly  coordinated  with  the  phase  of  oscillation  of  the  medium.  In  order  to 
introduce  definiteness  to  the  idea  of  amplitude  and  phase  of  oscillation  of  the 
medium,  we  will  take,  for  instance,  oscillation  5p^  as  the  base  and  will  compare  all 
quantities  with  6p1# 

We  will  use  expression  (6,20)  and  assume  that  mixture  entering  the  zone  o  burns 
completely  (tjcr  =  1).  Then  6Q  =  p^u^Bq^.  Calorific  value  of  the  mixture  is  related 


to  the  air-fuel  a,  so  that  |5Q|  =  p^u^ 


|6a|. 


Consequently,  instead  of  (6.2 3)  it 


is  possible  to  write 


CCOSfc 


Ifllt 

|4p,l 


R 

|6Pil* 


const  >  0, 


where  c  is  same  constant. 

The  left  side  of  the  inequality  shows  that  for  excitation  of  oscillations  the 
quantity  j6otl  should  be  sufficiently  large;  i.e.,  the  air-fuel  ratio  should  suffl- 

l&Pll 

ciently  strongly  depend  on  pressure  of  the  medium.  In  principle,  such  a  dependence 
is  possible,  since  pressure  oscillation  of  the  medium  theoretically  changes  the  flow 
rate  (duo  to  oscillation  of  counterpressure)  through  the  fuel  injectors.  Usually, 
however,  for  high-pressure  injectors  this  dependence  in  too  W'ak,  and  such  phenomenon 


cannot  lead  to  the  excitation  of  oscillations.  This  is  a  typical  example  of  non- 
satisfaction  of  condition  (6.23)  due  to  violation  of  the  necessary  amplitude  relation¬ 
ships  . 

Let  us  assume,  however,  that  the  Injectors  are  low-pressure,  and  therefore 
turns  out  to  be  a  sufficiently  large  quantity.  It  is  easy  to  comprehend  that  in  this 
case,  with  increase  of  pressure  of  the  medium,  the  mixture  will  become  leaner;  i.e., 
at  moments  when  5p^  attains  its  maximum,  6Q  will  be  at  its  minimum.  Consequently, 
phase  shift  ip. ;  between  Bp^  and  6Q  will  be  about  7 r.  For  excitation,  however,  it  is 
necessary  that  it  be  less  than  tt/2.  Consequently,  excitation  also  turns  out  to  be 
impossible  in  this  case.  However,  actually  excitation  of  such  a  system  has  been 
observed.  The  fact  is  that  heat  addition  does  not  instantly  follow  change  of  mixture 
ratio,  since  combustion  requires  a  certain  time.  This  leads  to  a  certain  delay  of 
heat  release.  .If  this  delay  is  close  to  half  of  the  period  of  oscillation,  then 
phases  of  6p  and  6Q  will  coincide  =  0),  and  self-excitation  will  become  possible'. 

The  given  elementary  example  has  shown  that  during  excitation  of  vibrational 
burning,  a  decisive  role  is  played  by  the  relative  amplitudes  of  perturbation  of  the 
burning  process  and  phase  shifts  of  this  perturbation  relative  to  the  phase  of 
oscillation  of  the  medium,  where  these  phase  shifts  must  be  considered  taking  into 
account  the  time  lags  peculiar  to  the  process  of  burning.  These  conclusions  are 
accurate  not  only  for  the  considered  simple  example,  but  also  for  the  most  general 
cases . 


§  4.  FEEDBACK  MECHANISMS 

Above  it  has  already  been  said  that  during  the  study  of  a  self-oscillatory 
system  it  is  necessary  to  analyze  the  question  concerning  the  source  of  energy 
supporting  the  oscillation  and  the  question  concerning  the  mechanism  which  regulates 
entry  of  this  energy  into  the  oscillatory  system.  The  first  of  these  questions 
1 1  ready  has  been  considered.  It  turned  out  that  if  heat  addition  bQ  and  velocity  of 
propagation  of  the  flame  &u  oscillate  with  acoustic  frequency,  then  this  leads  1o 
the  appearance  of  values  of  E  and  X  different  from  zero.  The  latter,  if  they  have 
the  necessary  value  and  proper  phase  shif'  •  relative  to,  for  instance,  bp^,  will  lead 
to  generation  of  acoustic  energy  in  the  burning  zone  c,  where  this  energy  A^.  will 
continuously  be  expended  in  build-up  of  oscillations  of  gas  masses  flowing  on  the 
left  and  on  the  right  of  0. 

If  we  ponder  tills  conclusion,  then  we  can  definitely  assert  that  in  tlif  case 
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when  perturbations  of  heat  addition  or  velocity  of  propagation  of  the  flame  are 
different  from  zero  and  oscillate  with  acoustic  frequency,  then  they  ace  able  to 
support  mechanical  oscillations  of  the  medium  (acoustic  oscillations).  But  so  that 
such  oscillations  will  be  self-excited,  there  is  necessary  one  more  link  -  acoustic 
oscillations  must  in  turn  cause  perturbation  of  the  burning  process  (give  6Q  and  f,ucr 
■different  from  zero),  where  these  perturbations  must  follow  acoustic  oscillations, 
be  perturbed  in  the  same  rhythm,  and  have  the  required  phases  and  amplitudes.  In 
the  presence  of  such  "feedback"  the  system  will  be  able  to  undergo  self-excitation. 
Physical  phenomena  leading  to  this  will  for  brevity  be  called  "feedback  mechanisms." 

In  the  given  example  there  was  considered  the  following  mechanism:  the  dependence  of 
flow  rate  of  fuel  through  the  injectors,  and  consequently  also  the  calorific  value 
of  the  mixture,  i.e.,  in  the  final  result  6Q,  on  oscillation  of  pressure  Bp^  Before 
we  proceed  to  systematic  consideration  of  specific  feedback  mechanisms,  we  will 
turn  to  a  simple  example  which  will  allow  us  to  clarify  the  role  of  feedback. 

Let  us  assume  that  organization  of  the  burning  process  is  such  that  5Q  and  hu 

c  r 

arc  functions  of  oscillatory  the  component  of  the  gas  flow  velocity  before  the  burning 
zone  Bu^.  This  can  turn  out  to  be  connected  with  the  fact  for  instance,  that  with 
change  of  flow  velocity  there  is  changed  combustion  efficiency,  and  there  occurs 
deformation  of  the  flame  front.  Let  us  assume  that  corresponding  theoretical  or 
experimental  dependences  already  have  been  found  and  can  be  represented  in  the  form 
of  the  equalities 

biit'  —  kflu,,  j  (t,.pi») 

I 

where  k^  and  k2  are  certain  constants. 

Equalities  (6.24)  can  be  considered  as  an  analytic  representation  of  the  fact  of 

existence  of  feedback  in  the  system.  Actually,  the  given  representation  indicates 

that  6u  and  5Q  "generated"  by  6u.  ;  i.e.,  by  acoustic  oscillations.  Inasmuch  as 
cr  -L 

k^  and  k2  are  constant,  then  the  frequencies  of  oscillations  6ucr  and  6Q  will  be  the 
same  as  the  frequency  of  oscillations  6u^  (acoustic  frequency). 

If  in  the  system  there  appears  feedback,  then  by  using  equality  (6.21)  and 
assuming  that  flow  before  the  burning  zone  is  isoentropic  (i.e,,  can  be  expressed 
in  terms  of  bp^),  we  will  write 


(6.26) 


whe  re 


^ la  ™  at2  4"  Vu  + 
t>n  ■*  +  *|fl«  +  *j°»* 

Thus  E  and  X  essentially  depend  on  feedback  factors  k^  and  kg.  Substitution  of 
IS  and  X  in  formula  (6.15)  permits  us  to  find  the  flux  of  acoustic  energy  generated 
by  region  a: 


u 

m 

At  “  y  ( 6  • 2(> ) 

• 

Numerical  constants  B^,  B2  and  depend  on  b^,  b12,  b21*  b22*  1,e,»  t,hc 
final  result  on  feedback  factors  k^  and  k2. 

Let  us  assume  that  in  the  pipe  there  appear  acoustic  oscillations,  for  instance, 
at  the  first  harmonic.  Then  in  the  region  of  the  pipe  in  which  the  burning  zone  is 
located,  there  will  occur  oscillations  of  flow  velocity  and  pressure.  Amplitudes  of 
these  oscillations  can  change  in  time,  but  ratio  of  | ou^ |  to  |Bp1|  in  the  considered 
section  will  remain  constant;  this  is  a  well-known  property  of  standing  waves. 

By  analogy  with  formula  (6.12),  we  will  give  the  last  expression  the  following 

form: 

where  tp  -  phase  shift  between  5p^  and  6u1# 

It  is  easy  to  see  that  the  expression  in  parentheses  is  constant.  Its  sign 
depends,  other  things  being  equal,  on  k^  and  k2.  Let  us  assume  that  k^  and  k2  are 
such  that  the  expression  in  parentheses  is  larger  than  zero;  then  >  0  and 
acoustic  energy  generated  in  zone  a  will  be  transmitted  to  the  mass  of  gas.  If 
losses  are  absent,  then  this  will  lead  to  increase  of  amplitudes  of  oscillations, 

p 

i.e.,  to  increase  of  |  Bp1 1  in  formula  (6.2/),  which  in  turn  will  increase  A,,  >  0, 
and  as  a  result  there  will  appear  a  process  of  theoretically  infinite  increase  of 
amplitudes  of  the  oscillations,  r,o  matter  how  small  the  initial  perturbation  was. 
certainly  an  infinite  Increase  of  amplitudes  will  not  occur,  since  then  at  some 
moment  of  time  the  burning  processes  will  be  disturbed,  acoustic  laws  will  cease  to 
be  valid,  and  so  forth,  but  amplitudes  of  the  oscillations  can  attain  great  magniiud'. 
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At  other  values  of  k^_  and  kg,  the  expression  standing  in  parentheses  in  formula 
(6.27)  could  be  negative.  Then  we  would  have  A^.  <  0,  and  the  initial  perturbation 

with  passage  of  time  would  tend  to  zero. 

The  considered  example  indicates  the  essential  role  of  feedback  in  self-excitation 
of  vibrational  burning.  Namely,  feedback  realizes  tne  phase  and  amplitude 
relationships  necessary  for  self-excitation  which  were  considered  in  more  detail  in 
the  preceding  paragraph.  Therefore,  feedback  can  strongly  affect  vibrational 
characteristics  of  a  combustion  chamber. 

There  exist  many  different  feedback  mechanisms,  which  in  the  final  result  load 
to  fluctuating  heat  release  or  to  oscillations  of  the  flame  front  (or  to  both 
simultaneously),  and  through  them  in  turn  lead  to  excitation  and  supporting  of 
acoustic  oscillations.  Below  there  will  be  briefly  discussed  the  characteristics 
of  basic  feedback  mechanisms.  Certainly  the  mechanisms  enumerated  below  by  no 
means  exhaust  all  probable  causes  of  support  01  vibrational  burning.  Here  we  will 
discuss  only  those  phenomena  wnicn  are  sufficiently  frequently  observed  and 
apparently  play  a  fundamental  role  in  the  considered  type  of  natural  oscillations. 
Inasmuch  as  the  process  of  combustion  in  combustion  chambers  is  connected  with  the 
process  of  carburetion,  eddy  formation  and  the  actual  burning,  then  the  group  of  all 
mechanisms  of  feedback  can  be  divided  into  mechanisms  connected  with  carburetion, 
hydromechanics  of  flow  and  actual  burning.  This  classification.  Just  as  other 
conceivable  classifications,  is  of  course  very  arbitrary. 

During  the  analysis  of  possible  feedback  mechanisms,  we  will  everywhere  assume 
that  oscillations  have  already  appeared,  and  will  describe  the  chain  of  phenomena 
leading  to  the  supporting  of  these  oscillations. 

Feedback  Mechanisms  Based  on  Carburetion 

Carburetion,  which  occurs  in  the  engine  duct,  can  be  characterized  by  spatial 
nonuniformity  in  the  distribution  of  fuel.  If  this  spatial  nonuniformity  moreover 
has  a  periodic  character,  then  into  the  burning  zone  there  will  arrive  a  mixture 
with  periodically  varying  air-fuel  ratio  or  with  periodically  varying  ratio  of 
liquid  fuel  to  vaporized  fuel,  and  so  forth.  This  can  lead  to  both  the  appearance 
of  fluctuating  heat  release  and  mobility  of  the  flame  front. 

The  general  considerations  given  here  can  be  made  more  concrete  in  the  following 


feedback  mechanisms 


Fig.  6.3.  Formation  of  lean  (a)  and  rich 
(b)  sections  of  fuel  mixture  as  a  result 
of  oscillation  of  the  flow  rate  of  air  in 
the  region  where  the  injectors  are  located 
(section  A  —  A). 


1.  Periodic  change  of  air-fuel 
ratio  is  possible  if  in  the  zone 
where  the  ideally  operating  fuel 
manifold  is  located,  which  gives  a 
constant  flow  rate  of  fuel  uniformly 
mixed  with  air,  the  flow  rate  of  air 
oscillates.  As  a  result,  flow  after 
the  manifold  will  alternately  carty 


first  a  lean  mixture  and  then  rich  mixture  into  the  burning  zone.  It  is  obvious 
that  in  the  burning  zone  the  frequency  of  oscillations  of  air-fuel  ratio  a  will 
coincide  with  the  frequency  of  oscillations  of  the  entire  gas  column  in  the  combustion 
chamber  and  air-fuel  line;  i.e.,  it  will  occur  with  acoustic  frequency.  This  may 
bo  seen  from  the  following  simple  calculation  (Fig.  6.3). 

Let  us  assume  that  In  the  section  A  -  A  there  is  located  a  fuel  manifold  with 


injectors.  Due  to  acoustic  oscillations  of  the  medium,  velocity  in  section  A  —  A  is 
not  constant,  but  has  a  harmonic  component.  As  a  result,  in  tills  section  there 
will  be  formed  first  rich,  then  lean  mixture  alternately.  This  mixture  will  be 
carried  to  the  right  with  average  velocity  u^;  therefore  the  "wavelength"  of  the 
perturbation  a,  which  is  designated  in  Fig.  6.3  by  X,  will  be  equal  to  X  =  u,^. 
where  is  the  period  of  acoustic  oscillations.  If  we  assume  that  in  section  I  —  I  , 
which  corresponds  to  the  beginning  of  the  burning  zone  a,  the  average  flow  of  velocity 
the  mixture  is  also  u^,  then  the  period  of  oscillations  a  in  this  section  will  be 
X/u  ^ ;  i.e.,  it  will  also  be  t^.  The  mixture  ratio,  oscillating  at  the  entrance  into 
the  burning  zone  with  acoustic  frequency,  will  cause  in  zone  a  an  oscillating 
combustion  process,  which  is  a  result  of  both  the  oscillatory  change  of  calorific 
value  of  tile  mixture  and  of  combustion  efficiency. 

2.  Oscillations  of  flight  trajectories  of  droplets  of  fuel  (which  are  visible 
as  oscillations  of  the  "mushroom"  of  the  working  injector)  can  occur  as  a  result  of 
oscillation  of  the  velocity  bead  in  the  region  of  location  of  the  injectors,  which 
occurs  due  to  oscillation  of  the  mass  of  gas.  Then  after  the  injector  and  further 
downstream  there  will  be  formed  periodically  varying  local  concentrations  of  fuel, 

and  possible  there  will  appear  other  periodic  changes  in  the  quality  of  the  mixture 
(different  coarseness  of  droplets,  different  degree  of  vaporization,  and  so  forth). 

Tills  phenomenon  can  give  to  burning  an  oscillatory  character,  which  is  coordinated 
with  oscillations  of  the  medium  inside  the  combustion  chnml"  r.  but  inasmuch  as 
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oscillations  of  medium  in  the  region  of  the  injectors  which  load  to  nonuniformity 
of  the  quality  of  carburetion  occur  with  acoustic  frequency,  then,  when  it  enters 
zone  a,  the  fuel  mixture  carrying  these  nonuniformities  will  also,  Just  as  in  the 
preceding  example,  disturb  the  process  of  combustion  with  acoustic  frequency. 

Thus,  the  mechanism  of  excitation  in  both  of  the  considered  cases  can  be 
conditionally  described  by  the  following:  acoustic  oscillations  of  the  medium  lead 
to  disturbance  of  carburetion}  such  carburetion  leads  to  oscillatory  burning;  the 
latter  leads  to  acoustic  oscillations, 

3,  During  the  use  of  low-pressure  fuel-injection  systems  the  flow  rate  of 
fuel  may  oscillate  due  to  the  oscillation  of  counterpressure.  This  feedback 
mechanism  was  described  in  the  preceding  paragraph. 

4.  Too  close  location  of  injectors  to  walls  of  the  chamber  sometimes  leads  to 
the  appearance  of  vibrational  burning.  In  all  probability,  oscillations  in  this 
case  are  supported  due  to  the  fact  that  fuel  periodically  (with  acoustic  frequency) 
hits  the  walls  of  the  combustion  chamber  due  to  oscillation  of  the  air  mass,  for 
instance,  due  to  oscillations  of  the  "mushroom"  of  the  working  injector.  As  a  result 
the  process  of  combustion  also  becomes  periodic. 


Feedback  Mechanisms  Based  on  Hydromechanical  Phenomena 
The  possibility  of  excitation  of  acoustic  oscillations  during  burning  of 
pre-mixed,  homogeneous  fuel-air  mixtures  indicates  that  carburetion  is  not  the  only 
orocess  which  makes  it  possible  for  the  mechanism  of  feedback  between  acousti'1 
phenomena  and  burning  to  appear.  This  completion  of  the  feedback  loop  can  be  caused 
by  hydromechanical  phenomena  in  the  engine  direct, 

1.  Eddy  formation  in  a  combustion  chamber,  which  always  has  periodic  character, 
can  be  amplified  and  returned  to  the  frequency  of  acoustic  oscillations  of  the  gas 
column  in  the  combustion  chamber.  If  eddy  formation  has  a  similar  character,  then 
vortices  which  are  shed  will  be  carried  into  the  burning  zone  and  will  periodically 
disturb  both  the  process  of  heat  release  and  the  stationary  position  of  the  flame 
front  in  it.  To  overcome  this  phenomenon,  it  is  possible  to  take  a  number  of  measures. 


for  instance,  to  improve  the  aerodynamic  contour  of  entrance  sections  of  the 
combustion  chamber,  turning  special  attention  to  places  where  it  is  possible  to 
expect  a  diffuser  effect,  to  bluff  structural  elements,  and  so  forth,  dome times  It 
Is  useful  to  place  uefore  the  burning  zone  straightening  grids  and  other  device  s 
which  destroy  large  eddies.  It  is  not  difficult  to  see  that  these  rru.asur  .  for 
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combat  ling  vibrational  burning  essentially  lead  to  disrupt  Ion  of'  feedback. 


c-r 

— 


— «D- 


^ - y - T“ 

^  W  1  |> 

X 

£/  - 

£ 

11k.  t  .4.  Formation  of  eddies,  which 
are  carried  into  the  burning  zone,  as 
a  i  suit  of  the  existence  of  a  bluff 
''l  incnt  A.  In  the  lower  part  of 
figure  we  see  breaking  up  of  eddies 
into  smaller  vortexes  by  a  wind- 
straightcncr  B. 


In  Fig.  6J1  there  is  schematically 
depicted  such  a  process.  In  the  upper 
part  there  is  shown  a  chain  of  eddies 
following  at  a  distance  of  X  from  each 
other  in  the  burning  zone,  where  X  -  u^t^. 
In  the  lower  part  there'  is  given  an  example 
of  destruction  of  these  eddies  by  a. 
wind-straightening  grid. 

2.  Eddy  formation  after  flame-holders 
should  especially  strongly  af-fect  the 
burning  process.  As  it  is  known,  the 


shedding  frequency  of  vortices  from  a  flame-holder  is  determined  under  usual  condition:; 
by  a  series  of  hydromechanical  rules.  Experiments  have  shown  that  if  the  flame- 
holder  is  located  in  a  pipe  in  which  there  are  excited  acoustic  oscillations,  then 
the  process  of  eddy  formation  is  "retuned."  In  particular,  vortex  shedding  start'; 
to  occur  with  the  frequency  of  acoustic  oscillations.  Apparently,  oscillation  of 

the  gas  column  in  the  pipe,  which  leads  to  pulsating  flow  nrouiil 
i  SfiLJ  t  the  flame-holder,  to  a  strong  degree  alter  the  whole  procc  ss,  of 

flow. 

Matching  of  acoustic  frequencies  with  shedding  f requeue l <  s 

of  burning  vortices  from  the  flame  holder  permits  us  to  assert 

that  in  certain  cases  this  matching  can  lead  to  the  appearance 

of  effective  feedback.  Actually,  powerful  eddy  formation  after 

a  flame-holder,  which  makes  the  burning  process  pulsate',  is 

equivalent  to  the  appearance  of  a  largo  perturbation  of  the 

effective  flame  propagation  velocity  fiu  ,  as  follows  from 

c  r 

formula  (6.19),  which  contains  in  this  case  a  strongly  fluctuating 
quantity  Vr (t). 

This  type  of  burning  after  a  conical  f lamc-holde r  (durin r 
excitation  of  acoustic  oscillations  in  the  pipe)  is,  r  pre^  rit,  d 
in  Fig.  6.9. 


ig.  I'. 9.  Eddy 
formation  after 
a  l'lame-holder  A 
during  vibra¬ 
tional  burning; 

I  is  colil  mix¬ 
ture;  '  Is  the 
i'  ion  if  eom- 
t  us t ion . 
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Hydromechanical  phenomena  and  carburetion  considered  here  have  led  to  an  Indirect 
influence  of  acoustic  oscillations  on  the  process  of  combustion.  There  exists, 
however,  a  direct  influence  of  oscillations  of  the  gas  column  on  burning,  which  can 
play  the  role  of  feedback. 

1.  It  is  known  that  the  velocity  of  normal  propagation  of  a  flame  depends  on 
temperature  and  pressure  of  the  mixture;  turbulent  velocity  of  propagation  is  able, 
furthermore,  to  change  in  dependence  upon  flow  velocity. 

During  oscillations  of  the  gas  column  in  an  engine,  all  three  parameters  of 
flow  have  a  periodic  component.  Consequently,  velocity  of  propagation  of  the  flame 
will  change  periodically;  this  can  serve  as  a  cause  of  vibrational  burning.  Further¬ 
more,  combustion  efficiency  also  can  depend  on  the  enumerated  flow  parameters;  in 
particular,  it  can  be  a  function  of  flow  velocity. 

2.  In  the  presence  of  an  ignition  source  (flame-holder,  precombustion  chamler, 
and  so  forth),  the  process  of  ignition  of  the  mixture  can  be  periodically  disturbed 
when  average  flow  velocity  is  added  to  an  oscillatory  component  of  velocity  caused 
by  acoustic  processes. 

Actually,  every  ignition  source  after  which  the  flame  is  "held"  is  characterized, 
in  particular,  by  a  critical  flow  velocity,  at  which  burning  of  the  mixture  incident 
on  the  Ignition  source  Is  still  possible.  In  those  cases  when  the  instantaneous 
value  of  flow  velocity  becomes  greater  than  this  critical  velocLty,  the  flame  Is 
"detached"  from  the  ignition  source.  When  the  instantaneous  flow  velocity  again 
becomes  comparatively  low,  the  ignition  source  begins  ignition  of  the  mixture  again. 

The  feedback  mechanism  described  here  plays  an  Important  role.  As  a  rule,  Uiis 
mechanism  in  a  certain  degree  of  development  is  observed  during  burning  of  a  mixture 
after  a  flame-holder  in  the  regime  of  strongly  developed  oscillations,  which  is 
characterized  by  throwing  of  the  flame  upstream.  This  phenomenon  can  be  overcome  ly 
means  of  increase  of  the  power  the  "pilot  flame"  in  the  precombustion  chamber  and  by 
other  measures. 

J> .  The  process  of  combustion  is  influenced  by  acceleration  of  the  flame  surfno'  . 
During  oscillations  of  the  gas  column  in  an  engine  and  displacements  of  the  flame 
surface  connected  with  it,  this  surface  is  subjected  to  the  influence  of  very  large 
acci'le  rations . 

Considering  the  flame  surface  as  the  boundary  between  two  media  of  different 
density,  and  considering  that  the  position  of  the  flame  front  is  normal  to  the  pipe 


axis,  the  changing  accelerations  will  also  be  normal  to  the  interface  between  the 
media,  it  is  possible  to  consider  "gravity"  waves  on  such  a  surface,  similar  to 
waves  on  the  interface  between  a  heavy  liquid  and  a  gas  (wave  formation  on  the  sea). 

From  the  general  theory  of  gravity  waves  it  is  known  that  they  can  be  either 
stable  or  unstable,  depending  upon  the  direction  of  the  action  of  the  acceleration: 
if  acceleration  acts  toward  the  more  dense  region  (ordinary  surface  of  the  sea), 
the  interface  is  stable;  if  it  acts  toward  the  less  dense  region,  the  interface  is 
unstable.  Instability  of  the  interface  leads  to  intense  growth  of  the  waves  on  it. 

Inasmuch  as  in  the  burning  zone  acceleration  periodically  changes  sign,  the 
interface  will  periodically  be  first  stable,  then  unstable.  This  will  lead  to 
periodic  change  of  size  of  the  surface  of  the  flame  front  due  to  periodic  increase 
and  w  crease  of  the  wave  formation  on  it;  and  this,  in  turn,  will  lead  to  perturba¬ 
tion  of  the  effective  velocity  propagation  of  the  flame  in  the  rhythm  of  acoustic 
oscillations . 

§  5.  CERTAIN  RECOMMENDATIONS  FOR  OVERCOMING  VIBRATIONAL  BURNING 

For  self-excitation  of  oscillations  there  is  necessary  not  just  any  feedback, 
but  a  feedback  mechanism  which  ensures  proper  amplitude  and  phase  relationships. 
Above  there  was  presented  a  theoretical  result  [for  instance,  formula  (6.23)] 
according  to  which  an  oscillatory  system  is  able  to  undergo  self-excitation  only 
when  the  perturbation  6Q  is  properly  shifted  in  phase  relative  to  6p^  and  has  a 
sufficiently  large  relative  magnitude.  Absolutely  analogous  laws  are  peculiar  t.<> 

the  process  for  self-excitation  due  to  the  perturbation  6u  ,  Thus,  vibrational 

cr 

burning  can,  in  general,  be  countered  in  two  ways  —  by  changing  the  phase  of  the 

oscillation  6Q  and  5u  or  their  relative  amplitudes. 

cr 

The  first  way  reduces  to  influencing  the  phase  of  the  oscillation.  If,  for 
instance,  the  "feedback  loop"  was  completed  as  a  result  of  oscillation  of  the 
air- fuel  ratio  a,  then  change  of  the  phase  of  arrival  of  riched  mixture  into  the 
burning  zone  could  be  obtained  by  means  of  displacement  of  the  fuel  manifold  along  t 
flow  axis  (displacement  of  section  A  —  A  in  Fig.  6.3).  In  other  cases  there  should 
be  applied  other  measures,  sometimes  just  as  simple.  However,  as  operational 
experience  with  combustion  chambers  shows,  such  methods  do  not  give  perceptible 
results.  Attempts  to  influence  the  period  of  induction  (delay),  of  the  ignition 
process  or  "retuning"  of  the  flame  front  also  do  not  give  a  noticeable  effect.  In 
general,  the  influencing  of  processes  connected  with  the  phase  of  the  r;  Illation 
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extremely  rarely  gives  a  positive  effect 


An  alternate  path  is  the  influencing  of  relative  amplitudes  of  6Q  and  &ucr. 

If  we  would  somehow  reduce  |6Q|  and  |6ucr|  to  very  small  magnitudes,  then  vibrational 
burning  would  be  ceased  independently  of  the  realized  phase  relationships.  Conse¬ 
quently,  counteraction  of  vibrational  burning  is  more  preferable  conducted  by  means 
of  decrease  of  relative  amplitudes  of  the  perturbations  of  effective  heat  addition 
and  effective  velocity  of  propagation  of  the  flame,  and  not  by  means  of  Influencing 
phase  relationships.  This  experimental  result  (the  theoretical  explanation  is  given 
in  work  [2])  indicates  the  most  rational  methods  of  counteracting  vibrational  burning. 
It  is  necessary  to  influence  the  process  of  burning  in  such  a  manner  that  relative 
amplitudes  6Q  and  6ucr,  are  decreased  as  much  as  possible,  independently  of  the  acting 
feedback  mechanism,  which  is  frequently  unknown.  Practice  shows  that  the  best 
methods  of  decrease  of  |6q|  and  5ucr  which  have  a  sufficiently  universal  character 
are  measures  which  lead  to  dispersed  burning.  We  will  explain  what  has  been  said 
by  a  simple  example. 

Let  us  assume  that  the  feedback  mechanism  is  the  same  as  that  shown  in  Fig,  6.3, 
The  wavelength  of  the  perturbation  a  (distance  between  neighboring  regions  of  rich 

mixture)  is  equal  to  X,  In  the  section 
B  -  B  burning  begins.  If  we  create  two 
focuses  of  burning  (for  Instance,  by  moans 
of  location  of ‘flame-holders  in  two 
different  sections),  where  these  focuses 
are  located  at  a  distance  of  \/2  apart,  as 
shown  in  Fig.  6.6,  then  the  process  of 
burning  will  be  distinguished  by  the 
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Fig.  6.6.  Diagram  of  dispersed  burning; 
B  —  B  and  C  —  C  are  regions  of  location 
of  flame-holders  (a  —  lean  mixture;  b  - 
rich  mixture). 


following  characteristic.  Let  us  assume  that  the  two  focuses  are  located  in  seel  ions 
I'1  —  B  and  C  —  C.  At  that  moment  when  the  rich  mixture  is  located  In  the  first  of 
them,  in  the  second  there  will  be  lean  mixture.  As  a  result,  if  mixture  having, 
a  >  1  bums,  the  total  heat  release  will  be  close  to  undisturbed  heat  release,  since 
excess  heat  obtained  in  section  B  —  B  will  be  compensated  by  the  deficiency  of  heal. 

In  section  C  —  C.  After  a  time  equal  to  half  of  a  period  of  oscillation,  the  lean 
mixture  will  be  located  in  B  —  B,  and  in  C  —  C  there  will  be  mixture;  i.e.,  the 
process  of  smoothing  out  of  amplitudes  of  the  perturbation  of  hert  release  will 
continue.  Thus,  this  simple  measure  can  considerably  decrease;  |oQ|. 


Tlif'  given  xampl<  has  n  specialized  character;  however,  oven  l’or  a  number  of 
otli'T  feedback  mechanisms  it  is  possible  to  give  analogous  considerations.  Expori- 
iii  nts  confirm  that  organization  of  dispersed  burning  is  a  sufficiently  universal 
nnirur  fur  counteraction  of  vibrational  turning. 
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CHAPTER  VII 


FLAME  STABILIZATION  IN  A  FLOW  OF  FUEL  MIXTURE 

In  combustion  chambers  of  ramjet  engines  and  afterburners  of  turbojet  engines, 
the  flow  of  fuel  mixture  moves  with  high  velocities  (of  the  order  of  100  m/sec), 
many  times  exceeding  the  velocity  of  propagation  o'  a  flame  in  a  laminar  flow.  In 

order  that  under  these  conditions  the  flame  will  not  be  carried  away  by  the  flow,  It 
is  necessary  to  stabilize  it,  i.e.,  to  ensure  continuous  ignition  of  fuel  mixture 
at  fixed  points  of  the  combustion  chamber.  Usually  this  is  done  with  help  of  a 
so-called  "pilot"  flame  (burner,  precombustion  chamber,  etc.)  and  a  system  of  bluff 
bodies  of  different  geometric  forms. 

§  1.  STRUCTURE  OF  THE  FLOW  AND  MECHANISM  OF  FLAME  STABILIZATION 
IN  THE  WAKE  AFTER  A  BLUFF  BODY 

Investigation  of  real  viscous  flows  around  bodies  shows  [1J  that  at  moderate 
incident  flow  velocity,  after  the  body  there  are  formed  two  symmetric  stable  eddies, 
which  with  increase  of  velocity  start  to  be  carried  off  by  the  flow,  forming  a  "path" 
of  eddies.  With  further  increase  of  velocity  the  eddies  are  so  rapidly  dispersed 
after  their  formation  that,  for  instance,  after  a  cylinder  at  Re  ?.5»10^  the 
vortex  paths  are  no  longer  observed.  However,  sufficiently  large  eddies  continue 
to  be  shed,  up  to  Re  =  5*10  [2],  Beyond  this  limit,  the  boundary  layer  on  the 
surface  of  the  body  becomes  turbulent,  and  the  wake  becomes  a  continuous  region  of 
purely  turbulent  flow,  retaining,  however,  two  stable  (with  respect  to  averaged 
velocities)  symmetric  regions  of  circulating  motion  of  the  liquid  directly  aft  r  tin 
stern. 

Appearance  or  circulatory  motion  of  the  liquid  in  the  wake  aft  r  a  1  luff  li  l.y 
Is  caused  by  the  "ejecting"  action  of  the  turbulent  streams  flowing  around  tie  l  <  l.y . 
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The  flow  in  the  section  ol  the  wake 
directly  adjacent,  to  the  flame-holder 
is  represented  in  the  following  form 

ield  of  (Fig*  7.1).  Flowing  around  the 

flow  ve¬ 
locities  obstacle,  the  viscous  flow  ejects 

gasses  from  the  region  behind  the  stern. 

Up  to  a  certain  moment  of  time,  the 

mass  of  gas  in  this  zone  is  not 

replenished,  since  the  zone  is  "isolated 


I  Lc.  7.1.  Diagram  of  flow  in  the  wake 
after  a  bluff  body. 


from  surrounding  space  by  the  ejecting 
flow  and  the  walls  of  the  flame-holder, 
and  in  the  region  of  the  wake  behind 


th.'  stern  there  is  created  decreased  pressure  with  longitudinal  and  transverse 
re  H  uits,  Under  the  action  of  the  transverse  gradient  of  static  pressures  st  ream 
f  1  laments  of  the  flow  around  the  flame-holder  are  deflected  toward  the  axis  of  tno 
wake;  under  tin  action  of  the  longitudinal  gradient  of  static  pressures,  along  the 
axis’  of  the  wake'  there  appears  flow  directed  toward  the  body.  Simultaneously  under 
tin  action  of  forces  of  friction  caused  by  the  difference  of  velocities,  In  tin 
i  i  Hindu  ry  lay  r  there  appear  eddies,  twisting  toward  the  axis  of  the  wake,  which 
r  planish  tilt  mass  of  gas  ejected  from  the  region  behind  the  stern. 

As  a  result  In  this  region  there  appears  a  recirculation  zone.  Inside  tin 
recirculation  zone  there  is  distinguished  a  zone  of  counter  currents  bounded  by  a 
:■  u’faci  of  zero  flow  velocities  in  projection  on  the  axis  of  the  wake.  After  a 
i  stain  time  (in  absolute  value  very  small),  there  Is  established  dynamic  equilibrium, 
!n  which  tin  re  occurs  continuous  exchange  of  masses  of  gas  between  the  turbulent 
l  i  'iiiii  la  ry  layer  and  the  zone  of  counter  currents.  This  equilibrium  corresponds  to 
*  ■finite  dimensions  of  the  zone  of  counter  currents,  and  also  to  the'  distribut  ion 
■'  V'  1  oelt. L  ■  end  pressures  in  the  wake. 

During  isothermal  flow  around  bodies  of  given  geometric  form  (with  fixed  point 
of  flow  separation),  flow  in  the  wake  is  self-similar:  d  In.enslonless  profiles  of 
LecLty  and  pressure  and  also  the  width  of  the  wake  and  dimensions  of  the  zone  of 
count'  i'  ■uri’ents  lo  not  depend  on  characteristic  dimensions  of  the  bluff  1  ody  or  tin 
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tl."  in'-Moiii  flow  (Fig.  7.2).  The  profile  of  dimensionless  vine lti"s  is 


mi'  1  sal  for  -'ll  cross  sections  of  tin  main  section  of  th*>  wake,  similarity  of  flow 
•  a  1  a  pm  .  iv-  ■  i  for  tic  lounilary  layer  in  tin  initial  s-c  ien  if  i  1.  •  wst-  . 
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Fig.  7.2.  Parameters  of  the  wake  behind  a  bluff  body 
in  a  half-open  flow,  a)  dimensionless  profile  of 
velocity  along  the  axis  of  the  wake;  b)  width  of  the 
wake . 


Designa¬ 

tions 

•• 

m/sec 

ft 

i  mm 

Designa¬ 

tions 

•f 

m/sec 

ft 

mm 

• 

so 

13 

O 

30-10 

13 

1  □ 

to 

13 

• 

50-40 

30 

a 

so 

10 

A 

50-50 

31 

a 

TO 

to 

a 

50-50 

■ 

SO 

33 

a 

TO 

31 

O 

SO 

40 

0 

TO 

40 

* 

The  geometric  form  of  the  head  part  of  the  body  determines  the  direction  ol'  th 
velocity  vectors  at  points  of  flow  separation;  the  more  the  velocity  vector  deviates 
from  the  axial  direction  (consecutively  -  cylinder,  wedge,  plate;  Fig.  7.3),  the 
greater  the  width  of  the  wake,  the  dimensions  of  the  zone  of  counter  currents  and,  m 
a  rule,  the  rarefaction  in  the  region  behind  the  stern. 

Flow  after  a  body  of  given  geometric  form  can  be  changed  by  means  of  change  of 


rarefaction  in  the  region  of  the  wake  behind  the  stern,  for  instance,  hy  removal  from 
or  addition  to  the  /otic  of  a  definite  quantity  of  gas.  In  the  first  case,  due  to  II 


In'  i  i  ol'  i"  i  faction,  ther<  will  lx*  Increased  the  brans V'rsi'  and  longitudinal 
gradients  of  static  pressure  aft  nr  the  stern  of  the  body,  at  a  eonsoquency  of  which 
str  run  fllem  nt  s  of  the  current,  upon  separation  from  the  flame -holder  will  be 
l  'fleeted  more  toward  the  axis  of  the  wake,  and  the  length  of  -he  zone  of  counter 
cun-nt  will  di'creasej  In  the  second  case,  conversely,  the  transverse  gradient  of 
static  pressures  will  decrease,  and  the  zone  of  counter  currents  will  increase.  This 
1  ;■  confirmed  by  experiment  (Fig.  7.*0* 


l  it  .  7.?.  The  Influence  of  geometric  shape  of  Muff 
hooies  on  parameters  of  their  wakes,  a  —  velocity 
profile;  •  —  plate,  h  -  4o  mm;  x  —  cylinder,  d 
JI0  mm;  A  —  V-shaped  flame-holder,  h  JI0  mm;  I  — 
boundary  of  wake;  designations  are  the  same. 


I  V 

Is. 


hi  w. 

f,.  ■<•>•- 

IV  l  .FV*V’  .  VI*.*,'  j 


Design  Design  Flow  the  zone  of  counter  current 

« N°’  2  is  not  steady  in  time.  This  can  he 

no  m  o  to  too  m  * 

i  71  seen  by  the  strong  pulsations  of  static 

_  pressure.  These  pulsations  do  not  have 

—  —  strict  periodicity;  they  are  a  result 

of  shedding  of  vortices  in  the 

_ _  recirculation  zone,  and  probably  play 

an  essential  role  in  the  mechanism  of 

^  blowoff. 

Fig.  7*^.  Change  of  pressures  and  veloci-  In  work  [3]  there  are  given 

ties  along  the  axis  of  a  wake  during 

blowing  rf  air  into  the  zone  of  counter  interesting  experimental  data  showing 

currents  (flow  without  burning;  qn  =  220 

mm  Hg).  u  that  the  degree  of  rarefaction  after 

the  flame-holder  (and  consequently 

parameters  of  the  entire  wake)  greatly  depends  on  shedding  frequency  of  vortices  in 
the  recirculation  zone.  Decrease  of  shedding  frequency  of  vortices  by  means  of 
installation  of  a  plate  along  the  axis  of  the  wake  in  the  region  behind  the  stern 
leads  to  large  decrease  of  rarefaction  and  increase  of  the  dimensions  (length)  of  thf 
zone  of  the  counter  currents. 

Parameters  of  the  wake  during  combustion  greatly  differ  from  parameters  of  the 
isothermal  wake:  during  burning  in  a  half-open  flow,  rarefaction  in  the  region  behinu 

the  stem  strongly  decreases . 
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Fig.  7.5.  Change  of  pressures  and  flow  veloci¬ 
ties  along  the  axis  of  the  wake  after  a  V-shaped 
flame-holder  both  with  a  cold  flow  and  during 
combustion  (3  ^  60°;  qQ  =  300  mm  Hg). 


and  due  to  this  the  dimensions 
of  the  zone  of  counter  cum  nts 
are  increased  by  3-4  times.  For 
instance,  during  flow  around  a 
V-shaped  flame-holder  with  vertex 
angle  of  3  -  60°  in  a  half-open 
flow  without  burning,  the  length 
of  the  zone  of  counter  currents 
is  equal  to  . h  times  the  height 
of  the  flame-holder;  with  burriin.--, 


however,  the  length  of  the  zone  of  counter  currents  increases  up  to  six-seven  times 
the  height  of  the  flame-holder  (Fig.  7.5). 

increase  of  static  pressure  in  the  region  of  the  wake  behinr  Uv  stern  and  the 
increase  of  dimensions  of  the  zone  of  counter  currents  connected  with  this  ar<  Ur 
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i  1  r.  7.1',  ohange  ol'  static  pressure  aft<  r 
a  flnim  -1ml  i  r  during  combustion  in 
P‘  ri  i  tie ■  upon  • . 


result  of  tie  rnial  expansion  of  fiua  s  In 
the  circulation  zone  and  In  the  turbulent 
boundary  layer.  Pressure  behind  the 
flame-holder  and  dimensions  of  the  7.011' 
of  count  's  currents  depend  on  the  amount 
of  heat  r  leased.  Pxporlments  show 
that  If  ot.h<  r  conditions  arc  equal,  as 


tl  ■  fu"l  inlxturi  I"  comes  leaner,  ther  Is  increases  the  rarefaction  after  the  flame- 
hulder  (Pi)',  7.0),  and  accordingly  dimensions  of  the  zone  of  counter  currents 
)  'crease,  llow  ver,  within  quite  a  wile  range  of  change  of  mixture  ratio,  static 
pressure  in  the  /one  of  counter  currents  changes  little. 

During  burning  in  a  pipe,  parameters  of  the  wake  after  the  flame-holder  to  a 
strong  degree  depend  on  the  degree  of  blockage  of  the  useful  cross  section  of  the 
pipe.  With  considerable  b  Lockage  (with  Installation  of  flame-holders  in  the  same 
plane  with  small  distance  between  them),  rarefaction  in  the  wake  during  burning  can 
1  "von  greater  than  without  turning.  Tills  is  explained  by  th  fact  that  due  to 
th"rmal  expansion  of  gases  in  the  flame  there  is  increases  the  flow  velocity  of  the 
fit  sh  mixture  In  the  spae  t  'tween  the  flame-holders,  q(|  there  Is  increased  rare  faction 
aft,  r  the  flame-holder  proportionally  to  increase  of  impact  pressure,  and,  accordingly, 
th'  r  ar-  dec r-  d  the  dimensions  of  the  zone  of  counter  currents.  With  echeloned 
location  of  flame-holders  In  the  pipe,  flow  becomes  more  similar  1.0  a  half-op'  n  flow. 

for  establishment  of  the  mechanism  of  flame  stabilization,  arid  also  for  obtalnim 
quant  itatiV'  I'  un  tieal  depend' nces,  It  Is  necessary  to  have  correct  Ideas  concern!  1. 
mass  an  I  heat  exchange  between  the  zone  of  counter  currents  and  the  turbul  -nt  I  uundary 
i'i,V'  r  surrounding  it.  P'or  the  first  tiim  these  measurements  were  made  quite 
t  iiuroii--hl,y  ie  ■■  eoLd  flow  an  1  during  combustion  by  Povina  |  b  ) .  In  tin.  indicated  work, 
it  re  was  m-  "stir  d  t  lie  dV'tm'  stay  tune  of  particles  of  gas  in  the  zone  of  counter 
i'ii rr  n‘s  i,. 
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where  V„  —  volume  of  the  zone  of  counter  currents  in  m  ; 


surf;)' 


of  zone  of  counter  currents  in  m'  ; 


Bh’x  —  '-v  fage  ‘c’cape  velocity  of  gas  through  tlu  surface  ol‘  the  y.utu  of  counter 


eii  rr-  lit  r  in  m/s.ee  . 

.ii''  m  nt.)  hav  ,'liown  l  hat  1 11  fir,  flew  a  j'ound  flam'  -he]  1  rr  of  giv  ri  i^'oiiei  -ii; 
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shape  under  conditions  close  to  those  of  an  open  flow: 
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1)  the  average  stay  time  of  particles  of  gas  in  the  zone  of  counter  currents 


is  proportional  to  dimensions  of  the  flame-holder  and  inversely  proportional  to  the 


average  approach  flow  velocity; 

2)  during  combustion,  stay  time  is  approximately  2.8  times  longer  than  during 
cold  flow  around  the  flame  holder,  and  practically  does  not  depend  on  change  of 
mixture  ratio  a; 

3)  time  of  stay  decreases  with  increase  of  the  intensity  of  turbulence  of  the 
incident  flow. 

For  calculation  of  stay  time  there  is  obtained  the  following  empirical  formula : 


t,  —  k  —  UK, 


( 7 .?) 


where  h  —  characteristic  dimension  of  the  flame-holder,  i.e.,  its  height; 
w  —  approach  flow  velocity; 

k  —  proportionality  factor,  depending  on  geometric  Bhape  of  the  flame-holder. 

For  instance,  for  V-ahaped  flame-holders  with  angle  P  =  30°  during  cold  flow 
and  with  combustion,  k  is  respectively  equal  to  37  and  104,  Knowing  the  average  stay 
time  Tn  and  the  volume  of  the  zone  of  counter  currents  V3,  by  formula  (7.1),  we  can 
determine  mass  transfer  between  the  zone  of  the  counter  currents  and  the  boundary 
layer  surrounding  it; 


<W...  —  —  T  kg/sec. 


For  known  composition  of  the  fuel  mixture  a  (taking  into  account  almost  complet< 
combustion  of  the  fuel  in  the  zone  of  counter  currents),  it  is  also  easy  to  d<  1  •  rmim 
heat  transfer: 


Q *" Gotmni  CpTf am  kcal/sec, 


where  y  and  T  are  specific  gravity  and  temperature  of  gases  in  the  zone  of  counter 


currents . 

Numerous  experimental  data  show  that  in  the  whole  range  of  stable  combustion 
with  nspeet  to  flow  velocity  and  mixture  ratio,  even  under  conditions  close  to 
critical  (flowoff),  temperature  and  chemical  composition  of  gases  in  the  zone  of 
counter  currents  remain  practically  constant  and  correspond  either  to  complete 
combustion  at  a  ''  l.o,  or  to  full  depletion  of  oxygen  at  a  T  1.0.  However,  with 
approach  to  critical  conditions  of  burning,  for  Instance,  ty  means  of  Incrase  of 
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flow  velocity,  t.hc  region  of  constant 
tempo  rat ur«  s  corresponding  to  com  ¬ 
plete  combustion  of  fuel  is 
noticeably  reduced :  the  width  and 
length  of  this  zone  decrease 
(compare  Fig,  7.7a  and  7.7b). 

On  the  basis  of  what  has  been 
said  above  concerning  the  structure 
of  flow  in  a  wake,  it  is  possible 
to  formulate  the  physical  essence 
(model)  of  flame  stabilization  by  a 
bluff  body  in  the  following  way. 
During  burning  In  the  wake  after 

Fig.  7.7.  Distribution  of  concentrations  of  a  bluff  body,  there  will  be  formed 
C0o  in  the  recirculation  zone.  Flame-holder 

isca  disk,  d  =  25  mm;  a  =  1.3:  a)  flow  a  circulation  zone  consist  lng  of  a 

velocity  w  =  85  m/sec ;  b)  flow  velocity  w  = 

-  150  m/sec.  zone  of  counter  currents  filled  with 

combustion  products  and  a  turbulent 
vortex  boundary  layer  surrounding  it,  in  which  gas  from  the  zone  of  counter  currents 
mixes  with  the  fresh  mixture  and  ignites  it.  Flame  stability  is  ensured  by  Its 
continuous  Ignition  at  a  definite  point.  A  peculiarity  of  burning  after  a  bluff  body 
is  that  the  stay  time  of  fuel  mixture  is  increased  due  to  circulation  of  gas  In  *in 
zone  of  counter  currents,  which  leads  to  almost  complete  combustion  of  gas  entering 
this  zone,  and  the  intensity  of  ignition  is  increased  due  to  intense  heat  addition 
to  the  fresh  mixture  through  the  inner  boundary  of  the  turbulent  boundary  layer, 
which  creates  favorable  conditions  for  ignition  of  the  mixture  at  high  velocities-  ef 
the  Incident  flow. 

§  2.  EXPERIMENTAL  DATA  ON  FLAME  STABILIZATION  BY  1  I, OFF  I  <  DIES 
Combustion  stability  after  a  bluff  body  depends  on  many  variable's  —  dimensions; 
and  geometric  form  of  the  flame-holder,  temperature,  velocity,  pressure  and  lnt-  ns  l'  y 
of  turbulence  of  the  flow,  air-fuel  ratio  a  and  chemical  naturi  of  th  fuel,  condi¬ 
tions  of  burning  -■  in  a  free  flow  or  in  a  pipe,  etc. 

Blowoff  from  flame-holders  can  have  a  double  charact  r.  During  i  urn Lng  in  a 
long  pipe,  especially  in  rich  mixtures,  when  the  flame  touches  the  walls  there 
frequently  appears  vibrational  burning  accompanied  by  pul.  a- inns  of  pi-  u r-  and 


velocity  of  the  gases  and  pulsations  of  t.  flame  front.  Blowoff  under  these  condi¬ 
tions  is  determined  mainly  by  the  intensity  of  pulsations,  and  can  occur  at  the  most 
diverse  values  of  velocity  and  mixture  ratio.  By  changing  the  total  length  of  the 
pipe  and  the  length  of  its  hot  part  in  the  appropriate  way,  it  is  possible  to  observe 
blowoff  at  a  given  average  flow  velocity  at  the  most  diverse  values  of  a.  If, 
however,  burning  occurs  inthe  absence  of  sharp  oscillations  of  velocity  and  pressure 
of  the  gases,  which  is  the  case  during  burning  in  an  open  flow,  in  short  pipes  or  in 
long  pipes  in  lean  mixtures,  then  the  blowoff  mechanism  is  different.  It  is  possible 
to  arbitrarily  call  it  kinetic  blowoff. 

The  majority  of  research  in  flame  stabilization  by  bluff  bodies  was  conducted 
in  free  flows  or  in  short  pipes. 

During  calm,  non - flue tuat ing  combustion,  enrichment  of  fuel  mixtures  to  the 
limits  which  are  of  practical  interest  (to  a  «  1.0  to  1.1)  usually  leads  to  expansion 
of  the  range  of  stable  combustion  with  respect  to  flow  velocity.  Therefore,  blowoff 
in  lean  mixtures  is  of  practical  interest.  But,  under  these  conditions,  blowoff 
characteristics  of  flame-holders,  even  in  long  pipes,  practically  do  not  differ  from 
characteristics  of  blowoff  in  an  open  flow.  Therefore,  we  may  assume  that 
characteristics  of  the  process  of  flame  stabilization  during  burning  in  an  open  flow 
can  also  be  extended  to  burning  in  a  pipe  -  the  simplest  combustion  chamber  of 
straight-flow-through  type. 

The  limits  of  stable  combustion  in  the  wake  behind  a  bluff  body  are  usually 
characterized  by  the  flow  velocity  at  which  blowoff  occurs  at  a  given  mixture  ratio. 
Maximum  flow  velocities  at  which  blowoff  occurs  from  a  flame-holder  of  given  dimension 
and  geometric  shape  correspond  to  a  region  close  to  the  stoichiometric  mixture  ratio. 
As  the  mixture  is  made  richer  or  leaner,  the  blowoff  velocity  decreases.  Extreme 
values  of  a  (at  them  there  is  possible  stable  combustion  after  the  bluff  body  at 
flow  velocity  w  -*  0)  correspond  to  the  concentration  limits  of  ignition  of  hot 
mixtures  under  stationary  conditions  (motionless  mixture).  Thus,  the  region  of 
stable  combustion  (Fig.  7*8)  lies  Inside  the  curve  wQp  =  f(a)  dimensions  of  which 
depend  on  a  number  of  factors. 

Influence  of  dimension  of  the  flame-holder.  The  limits  of  stable  burning  with 
respect  to  flow  velocity  and  mixture  ratio  are  widened  with  increase  of  the  dimension 
of  the  stabilizer  (see  Fig.  7.8).  It  has  been  experimentally  established  that,  other 
conditions  being  equal,  the  following  relationship  holds: 


-/to. 


(7.3) 


where  h  is  the  characteristic  dimension  of  the 
flame-holder  (diameter  or  width)  in  m. 

For  flame-holders  of  relatively  large  dimension 
(at  Re  *  5*10^),  the  exponent  a  »  1.0;  at  Re  < 

4 

<  5*10  ,  the  best  agreement  with  experimental  data 
is  obtained  at  a  =  0.45.  During  burning  of  petro¬ 
leum  fuels  (gasoline,  kerosene,  and  so  forth)  behind 
V-shaped  flame-holders  with  height  h  >  10  mm  the 
influence  of  dimension  of  the  flame-holder  is 
satisfactorily  taken  into  account  by  the  formula 
(7.3)  at  a  =  1.0  (Fig.  7.9). 

Influence  of  geometric  form  of  the  flame- 
holder.  Well  streamlined  bodies  (drop-shaped,  and 
so  forth)  do  not  stabilize  a  flame  in  high-velocity 
flows.  The  flame  is  stabilized  only  after  bodies 
with  blunt  rear  edge,  during  flow  around  which  there 
occurs  flow  separation.  It  was  determined  that  for 
an  identical  characteristic  dimension  of  a  flame- 
holder  (its  middle  section),  the  range  of  stable 
combustion  is  wider,  the  larger  the  drag  coefficient  of  the  streamlined  body  during 
burning  cx  (for  axially  symmetric  bodies,  successively  —  disk,  cone,  sphere;  for  flat 
bodies  -  plate,  wedge,  cylinder).  Quantitative  relations  for  calculation  of  the  in¬ 
fluence  of  geometric  form  of  the  flame-holder  (F  r  7.10)  on  the  limits  of  flame  sta¬ 
bilization  with  respect  to  flow  velocity  and  mixture  ratio  have  not  been  established. 
In  the  first,  very  rough  approximation,  the  influence  of  geometric  form  of  the  flame- 
holder  can  be  estimated  (other  conditions  being  identical)  by  the  relationship  [5] 
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Fig.  7.8.  Blowoff  characteris¬ 
tics  of  conical  flame -holders 
(experiments  of  Khramtsov);  w 
-  flow  velocity  in  the  radial 
clearance  at  the  flame-holder 
exit. 
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(7.4) 


The  Influence  of  the  chemical  nature  of  the  fuel.  The  limits  of  stable  combustion 
depend  on  the  chemical  nature  of  the  fuel:  the  higher  the  velocity  of  normal  propaga¬ 
tion  of  the  flame  uH,  the  wider  the  range  of  stable  combustion  with  respect  to  a  and 
flow  velocity.  However,  the  value  of  uH  does  not  determine  the  range,  of  stable 
combustion  uniquely:  thus,  at  a  =  1.5,  temperature  of  the  mixture  293°K  and  pressure 
of  1  atm  (abs),  the  velocity  of  normal  propagation  of  the  flame  in  an  acetylene  air 
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Fig.  7.9.  dCT  =  f(-pp)  for  flame- 
holders  of  different  geometric  form 
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mixture  exceeds  the  velocity  of  normal 
propagation  of  the  flame  in  a  propane- 
propylene-air  mixture  by  approximately 
five  times,  but  the  blowoff  velocity  of  the 
flame-holder  (flameout)  during  burning  of 
acetylene  air  mixtures  turns  out  to  be  15 
times  higher  than  during  burning  of  propane 
propylene-air  mixtures  (Figs.  7,11  and 
7.12). 
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Fig.  7.1°.  Characteristics  of 
stable  combustion  after  flame- 
holders  of  different  geometric 
form.  Homogeneous  gasoline-air 

mixture,  tcu  =  20°C.  0-  cone. 


d  =  40  mm;  •  —  disk,  d  =  40  mm; 

O  —  sphere,  d  -  40  mm;  A  —  cylin 
der,  0  =  40  mm;  A  -  plate,  h  = 

=  40  mm;  x  —  V-shaped  flame- 
holder,  h  =  40  mm. 
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Fig.  7.H.  Depen¬ 
dence  of  normal 
velocity  of  propa-  f0 
gat ion  of  a  flame 
on  mixture  ratio  ap 
at  t0M  =  20°C. 
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Fig.  7.12.  Depen¬ 
dence  of  limits  of 
stable  combustion 
after  a  conical 
flame-holders  on 
chemical  nature  of 
the  fuel  at  atmos¬ 
pheric  pressure 
and  tcu  =  20oc. 
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Influence  of  chemical 


nature  of  the  fuel  on  th>  range 
of  stable  burning  in  the  wake 
after  a  bluff  body  has  been 
insufficiently  studied,  nrvj 
reliable  quantitative  relations 
have  not  been  established. 

Influence  of  temperature 
of  the  mixture.  With  increase 
of  temperature  of  the  mixture, 
the  boundaries  of  stable  com¬ 
bustion  are  widened  (Fig.  7.1?). 
This  is  partially  explained  by 


the  increase  of  uH  with  increase 


•Design  No.  l! 
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Fig.  7.14.  Change  of  the  range  of  stable  combus¬ 
tion  after  a  flame-holder  depending  upon  pressure 
in  the  flow. 
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of  temperature  of  the  mixture. 
However,  the  relative  increase 
of  flow  velocity  up  to  blowof'f 
with  increase  of  u„  by  means  of 
heating  of  the  mixture  is 
considerably  less  than  in  the 


case  of  increase  of  u  means  of 

H 


Design  No.  1, 

Conical  flame-holder, 
d  =  8.7  mm,  propane- 
propylene  [6] 


Design  No.  2, 

V-shaped  flame-holder, 
h  =  40  mm,  gasoline 


changing  the  chemical  nature 
of  the  fuel.  This  is  explained, 
apparently,  by  the  fact  that 
fuels  with  high  uH  have,  as  a 
rule,  lower  activation  energy 
and  lower  ignition  temperature'. 
The  dependence  of  blowoff 
velocity  on  the  initial  tempera¬ 


ture  of  the  fuel  mixture  during  burning  of  hydrocarbon  fuels  (gasoline,  kerosene,  and 
so  forth)  is  satisfactorily  approximated  by  the  relationship 


(7.0) 


where  T()  K  is  the  value  of  temperature  of  the  mixture  at  which  th*  value  of  flow 


velocity  wQCp  at  blow  off  from  a  flame-holder  of  given  dimensions  at  given  value  of 


-?7J*- 


7  « t  t 


a  is  known.  The  exponent  m,  according  to  various  authors,  should  be  1.5  to  1,65  [6] 


Zv-  V 


Influence  of  pressure  in  the  flow.  With  decrease  of  pressure,  the  limits  of 
stable  combustion  in  the  wake  after  a  bluff  body  are  narrowed  (Fig.  7.14).  The 
influence  of  pressure  on  the  limits  of  stable  combustion  is  different  depending  upon 
dimensions  of  the  flame-holders  it  is  stronger  for  small  dimensions  of  the  flame- 
holders  and  less  for  larger  dimensions.  This  question  has  been  studied  insufficiently, 
but  the  majority  of  researchers  [8]  arrive  at  the  conclusion  that  the  limits  of 
stable  combustion  in  dependence  upon  pressure  changed  according  to  the  expression 

(7.6) 

where  n  =  0.95  to  0.6  and  depends  on  dimension  of  the  flame-holders  the  higher 
values  of  n  correspond  to  flame-holders  of  small  dimensions,  and  conversely  (for 
V-shaped  flame-holders  with  height  of  h  >  30  mm,  the  value  of  n  is  close  to  0.6). 

The  influence  of  turbulence  of  the  incident  flow.  With  increase  of  intensity  of 
turbulence  of  the  incident  flow,  the  limits  of  stable  combustion  decrease.  Turbulence 
of  given  scale  and  intensity  affects  stability  limits  less  when  flame-holder  dimen¬ 
sions  are  large.  Quantitative  relations  have  not  been  established. 

The  Influence  of  thermal  losses.  Experimental  data  on  the  influence  of  thermal 
losses  from  a  flame  on  combustion  stability  in  the  wake  after  a  bluff  body  are 
contradictory.  In  works  [9],  [15]  it  is  indicated  that  preheating  of  the  flame- 
holder  (a  tube  :;itn  diameter  of  0.8  mm  fixed  normal  to  the  flow)  to  925°C  expanded 
the  range;  and  cooling  to  30°C  narrowed  the  range  of  stable  combustion  as  compared 
to  the  equilibrium  temperature  of  the  flame-holder  (which  had  a  rod  without  additional 
cooling  or  heating).  At  the  same  time  it  was  noticed  that  cooling  of  walls  of  the 
flame-holder  by  running  water  practically  did  not  change  the  range  of  stable  combus¬ 
tion  as  compared  that  of  an  uncooled  flame-holder. 

On  the  whole,  one  may  assume  that  the  influence  of  temperature  of  the  flame- 
holder  on  the  range  of  stable  combustion  is  noticeable  only  for  small  dimensions  of 
the  flame-holder.  At  pressures  close  to  or  higher  than  atmospheric,  thermal  losses 
from  the  flame  by  means  of  radiation  and  through  the  walls  of  the  flame-holder  during 
its  cooling  practically  do  not  affect  the  range  of  stable  combustion  in  the  wake  after 
the  flame-holder.  At  low  pressures  (of  the  order  of  tenths  to  hundredths  of  an 
atmosphere),  the  influence  of  thermal  losses  can  be  considerable;  it  depends  on 
temperature  and  composition  of  the  fuel  mixture  md,  as  calculations  show  [8]  for 
burning  of  propane  with  air-  (tcu  =  16°C),  only  adi&tive  thermal  losses  lead  to  the 
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Impossibility  of  fltune  stabilization  by  a  bluff  body:  for  stoichiometric  composition, 
at  p  *  5*10“^  atm  (abs);  for  a  mixture  with  a  *  0,5  and  1,8  -  at  a  pressure  of 
p  "  0,1  atm  (abs). 

Influence  of  phase  composition  of  the  fuel  mixture.  Above  there  was  considered 
the  Influence  of  different  factors  on  flame  stabilization  in  a  flow  of  homogeneous 
fuel  mixtures.  In  combustors  of  ramjet  and  turbojet  engines,  fuel  is  usually  injected 


i  m/sec 


is  v* 


Fig.  7.15.  Limits  of  stable  com¬ 
bustion  of  a  two-phase  gasoline- 
air  mixture  at  tcu  =  150°C  after 

a  flame -holder. 


in  liquid-droplet  state,  and  it  is  necessary  to 
deal  with  the  burning  of  two-phase  mixtures. 
Experiments  have  shown  that  during  burning  of 
two-phase  mixtures,  blowoff  from  the  flame- 
holders  occurs  at  greater  average  leanness  as 
compared  to  burning  of  a  homogeneous  mixture. 
Moreover,  stable  combustion  of  two-phase 
mixtures  after  a  flame-holder  is  possible 
with  very  lean  mixtures,  beyond  the  ignition 
limits  of  homogeneous  mixtures  of  hydrocarbon 
vapors  with  air.  The  rich  blowoff  limits  are 


actually  on  the  lean  side  of  stoichiometric  composition  [14],  This  is  explained  by 

the  fact  that  in  a  moving  two-phase  mixture,  a  considerable  part  of  the  fuel  droplets 

do  not  pass  around  the  flame-holder  along  the  flow  lines  of  air,  but  settle  on  its 

surface.  Depending  upon  the  temperature  of  the  walls  of  the  flame-holder,  the 

settled  fuel  is  partially  evaporated,  and  partially  flows  from  the  trailing  edges 

of  the  flame-holder  in  the  form  of  a  liquid  sheet  is  broken  up  by  the  flow  into 

droplets  and  is  evaporated  in  the  recirculation  zone.  As  a  result,  the  fuel  mixture 

in  the  blockage  zone  of  the  wake  turns  out  to  be  richer  than  a  along  the  whole 

op 

combustion  chamber.  With  increase  of  flow  velocity,  the  fraction  of  drops  settling 
on  the  flame-holder  increases;  therefore,  in  a  two-phase  mixture,  lean  blowoff  occurs 
at  large  average  coefficients  of  air-fuel  ratio,  the  larger  the  flow  velocity  is 
(FLg.  7.15). 

Measurements  have  shown  that  during  burning  of  two-phase  mixtures,  the  actual 
mixture  ratio  at  the  trailing  edges  of  the  flame-holder  at  blowoff  is  in  all  cases 
close  to  values  of  a  of  blowoff  of  homogeneous  mixtures,  independently  of  average  a 
calculated  according  to  the  total  flow  rate  of  air  and  fuel  through  the  chamber.  The 
difference  in  the  limits  of  stable  combustion  of  homogeneous  and  two-phase  mixtures 
becomes  smaller,  the  further  from  the  flame-holder  the  injectors  are  installed,  and 


the  finer  the  fuel  droplets  in  the  atomization  spectrum.  Blowoff  characteristics 
in  lean  homogeneous  mixtures  can  be  taken  as  the  lower  limit  of  stable  combustion 
of  two-phase  fuel  mixtures. 

Influence  of  the  ignition  source.  For  primary  ignition  of  the  mixture,  into  the 
region  of  the  wake  behind  the  stern  there  should  be  introduced  an  ignition  source  - 


holder  in  the  combustor  of  a  ramjet 
engine :  Homogeneous  mixture  of 
propane  and  air.  Flame-holder  of 
plate  type  [9],  1  —  ignition  limits; 

2  -  stable  combustion;  3  —  unstable 
combustion. 


an  electrical  spark,  a  burner  with 
independent  feed,  and  so  forth.  Experiment 
shows  that  during  ignition  from  an  outside 
source,  the  ignition  limitB  after  a  flame- 
holder  with  respect  to  flow  velocity  and 
air-fuel  ratio  lie  within  the  limits  of 
stable  combustion  of  the  already  ignited 
mixture  (Fig.  7.16).  In  accordance  with 
what  has  been  presented  in  §  5,  Chapter 
IV,  ignition  limits  are  widened  with 
increase  of  thermal  power  of  the  ignition 
source.  If  after  ignition  the  ignition 
source  is  not  turned  off,  but  executes  the 
function  of  a  "pilot  flame,"  then  limits 
of  stable  combustion  are  widened  more,  the 


greater  the  thermal  power  of  the  ignition  source  is. 


Peculiarities  of  flame  stabilization  by  bluff  bodies  in  a  combustion  chamber. 


Above  it  was  indicated  that  blowoff  characteristics  of  flame-holders  during  burning 


Fig.  7.17.  Influence  of 
degree  of  blockage  of  the 
pipe  on  combustion  stability 
after  the  flame -holder. 

DTp  =  150  mm,  a  =  1.0  [9], 


of  lean  mixtures  in  a  pipe  practically  do  not  differ 
from  characteristics  of  flame-holders  during  burning 
in  a  free  flow.  However,  this  is  true  only  in  the 
case  of  small  blockage  of  the  pipe  by  the  flame- 
holders  (for  instance,  with  echeloned  location  of 
the  flame-holders).  In  the  case  of  large  blockage 
of  the  cross  section  of  the  flow  by  flame-holders 
or  considerable  increase  of  the  area  of  a  single 
flame-holder,  local  flow  velocities  strongly  increase, 
and  there  occurs  interaction  between  the  turbulent 


wakes  appearing  after  each  flame-holder.  This  leads  to  decrease  of  the  range  of 
stable  combustion  with  respect  to  approach  flow  velocity  (referred  to  the  cross  section 


at  the  rear  edge  of  the  flame-holder ) .  Experiments  show  [1J]  that  in  the  case  of  a 
single  flame -holder,  maximum  blowoff  velocities  correspond  approximately  to  JO1' 
blockage  of  the  pipe  by  the  flame -holder  {Fig.  7.17). 

Comparison  of  numerous  experimental  data  shows  that  the  obtained  results  to  a 
great  degree  depend  on  the  conditions  under  which  the  experiment  was  carried  out, 
and,  as  a  rule,  are  not  reproducible  by  different  authors.  Therefore,  the  above- 
stated  results  of  experiments  in  the  investigation  of  the  influence  of  different 
factors  on  flame  stabilization  should  be  considered  mainly  from  the  qualitative  side. 

§  3.  THEORY  OF  FLAME  STABILIZATION  BY  A  BLUFF  BODY 

A  general  theory  of  flame  stabilization  should  take  into  account  the  structure 
of  the  flow  and  all  of  the  above-mentioned  factors  which  influence  the  limits  of 
stable  combustion  in  the  wake  after  a  bluff  body.  In  examining  this  question,  we 
start  with  the  following  basic  assumption:  the  flame  in  the  flow  is  stationary  if 
at  one  or  several  points  of  its  front  there  is  ensured  continuous  ignition  of  the 
fuel  mixture.  From  the  point  of  view  of  the  thermal  theory  of  ignition,  continuous 
Ignition  of  the  mixture  is  possible  only  when  to  a  unit  volume  of  entering  mixtux-e 
there  is  supplied  per  unit  time  from  the  ignition  source  the  necessary  quantity  of 
heat.  This  is  the  general  condition  of  stationarity  of  a  flame  in  a  flow. 

The  difficulty  of  solution  of  the  problem  consists  of  determination  of  the  amount 
of  this  necessary  heat.  The  quantity  of  heat  supplied  from  the  zone  of  counter 
currents  to  an  element  of  volume  of  fuel  mixture  depends  on  the  hydrodynamic  and 
thermal  state  of  the  recirculation  zone.  Above  it  was  shown  that  dimensions  of  the 
cone,  composition  and  temperature  of  the  gas  in  it,  and  also  the  average  stay  time 
of  particles  of  gas  (and  consequently  mass  transfer  between  the  zone  of  counter 
currents  and  the  turbulent  boundary  layer  surrounding  it)  depend  on  flow  velocity, 
mixture  ratio  and  geometric  form  and  dimensions  of  the  flame-holder. 

In  turn,  the  quantity  of  heat  necessary  for  ignition  of  the  fresh  mixture  depends 
on  temperature  and  initial  intensity  of  turbulence  of  the  flow,  chemical  nature  of  the 
fuel,  and  so  forth.  Due  to  the  extraordinary  complexity  of  the  phenomenon,  rigorous 
analytic  or  direct  experimental  determination  of  the  heat  actually  supplied  to  the 
fresh  mixture  which  is  necessary  for  ignition  in  the  critical  (near  blowoff)  regime 
of  burning  still  turns  out  to  be  impossible  in  practice.  Therefore,  in  examining  of 
flame  stabilization  of  a  bluff  body  in  a  flow,  it  is  inevitably  necessary  to  resort 
to  one  or  another  simplifying  assumption.  It  is  natural  that  the  validity  of  such 
ascumpti ons . 
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The  theory  of  flame  stabilization  at  present  has  been  insufficiently  developed, 

and  there  is  no  unified  system  of  views  concerning  this  question.  Let  us  consider 
briefly  the  most  well-known  works. 

Williams  [9]  assumes  that  the  quantity  of  heat  required  per  unit  time  for 
ignition  of  the  fresh  mixture  is  equal  to 

ft~»n<Mr,)<rl-ra)|.  (7.7) 

where  w  -  flow  velocity  in  m/sec j 

6t  "  thickness  of  preparation  zone  in  m; 

Ti  ’  T0  ~  difference  between  ignition  temperature  and  temperature  of  the  flow; 
p*cp  -  heat  capacity  of  a  unit  of  volume  of  the  fuel  mixture. 

From  dimensional  considerations  it  is  taken  that 


where  a  -  coefficient  of  thermal  diffusivity  in  m2/sec; 

Ujj  -  normal  velocity  of  propagation  of  the  flame  in  m/sec. 

Since  a  =  -~r-,  then 
P7g 

f,  (7.9) 

The  quantity  of  heat  transferred  from  the  vortex  zone  to  the  cold  gas 

r*> -  {(v/t) d{T‘- TA  (7. : 10 : ) 

where  T,  -  T0  -  temperature  between  the  burned  gee  end  the  flow  of 

d  -  characteristic  dimension  of  flame-holder  (its  diameter); 
v  -  coefficient  of  kinematic  viscosity  in  m2/sec. 

The  combustion  proces.  la  stable  If  q2  »  q^  for  q£  <  ^  there  occurs  blowoff; 
critical  conditions  occur  at  qg  -  q1§  In  this  case 


whe  re 

— ttt- 

This  equation  takes  into  account  the  influence  of  the  dimension  of  the  flame- 
holder,  pressure  in  the  flow  (in  terns  of  v)  and  initial  temperature  of  the  mixture, 
but  does  not  consider  the  influence  of  geometric  form  of  the  flame-holder.  In  the 
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solution  there  is  not  considered  change  of  the  thennal  state  of  the  recirculation 
zone:  it  is  assumed  that  temperature  of  gases  in  the  recirculation  zone  at  a 
given  value  of  a  of  the  mixture  does  not  change  up  to  the  moment  of  blowoff  of  the 
flame,  and  does  not  depend  on  dimension  of  the  flame-holder  or  flow  velocity. 

At  constant  pressure  and  temperature  in  the  flow,  type  of  fuel  and  geometric 
form  of  the  flame-holder,  the  right  side  of  equation  (7.11)  is  only  a  function  of 
mixture  ratio;  then  this  equation  will  be  written  as: 

-jr  -*(•>•  (7.12) 

In  the  derivation  of  these  relations,  two  basic  assumptions  are  quite  well- 
founded  : 

1)  proportionality  of  thickness  of  the  preparation  zone  to  the  ratio  a/uH; 

2)  proportionality  of  the  quantity  of  heat  transferred  from  the  vortex  zone  q2 
to  the  heat  transfer  coefficient  a»Re*-jj-.  This  relationship  is  valid  for  the  case 
of  heat  exchange  between  a  solid  body  and  a  gas  flow,  but  it  is  not  clear  whether  it 
is  possible  to  extend  it  to  the  case  of  heat  exchange  between  two  gas  flows  under  the 
conditions  of  turbulent  flow. 

During  burning  of  homogeneous  mixtures  of  petroleum  fuels  with  air  after  flame- 
holders  of  given  geometric  form,  experimental  data  will  agree  well  with  data 
calculated  by  formula  (7.12)  for  a  =  1.0,  if  temperature  of  the  mixture  remains 
constant  (see  Fig.  7.9).  Formula  (7.12),  as  experiment  shows,  takes  into  account 
the  influence  of  pressure  quite  well  if  we  take  a  =  1.  Calculated  data  strongly 
disagree  with  experimental  data  if  temperature  of  the  fuel  mixture  is  changed. 

The  idea  of  another  approach  to  theoretical  consideration  of  flame  stabilization 
by  a  bluff  body  consists  of  the  following.  The  process  of  ignition  of  a  fresh 
mixture  by  combustion  products  essentially  does  not  differ  from  propagation  of  a 
flame  in  it  if  the  conditions  of  cooling  of  combustion  products  are  identical  in 
both  cases.  Therefore,  it  may  be  concluded  that  if  propagation  of  a  flame  is 
possible  in  the  fresh  mixture,  i.e.,  if  the  process  occurs  within  the  concentration 
limits  of  flame  propagation,  then  there  is  ensured  continuous  ignition  of  the  mixture 
by  the  combustion  products. 

Consequently,  while  the  zone  of  counter  currents  is  filled  with  burned  gr  , 
there  is  provided  continuous  ignition  of  the  mixture,  i.e.,  flame  stability.  The 
process  of  continuous  ignition  will  be  disturbed  in  the  case  when  the  zone  of  counter 
currents  is  with  insufficiently  filled  hot,  i.e.,  with  incompletely  burned  or 


completely  unbumed  gas.  Consequently,  the  question  concerning  the  mechanism  of 
blowoff  of  a  flame  in  the  wake  after  a  bluff  body  is  reduced  to  clarification  of  the 
conditions  under  which  the  zone  of  counter  currents  is  filled  with  incompletely 
burned  or  completely  unburned  gas. 

Based  on  these  qualitative  physical  concepts,  it  is  possible  to  proceed  to 

quantitative  relations  in  the  following  way;  Boundaries  of  the  region  of  stable 

combustion  can  be  characterized  in  general  form  by  an  inequality  relating  a  certain 

effective  value  of  "stay  time"  in  the  reaction  zone  Tnp  and  "turbulent  combustion  time" 

t__  the  flame  is  stable  if  t  *  t  .  Quantitative  relations  between  these  quantities 

cr  cr  np 

are  determined  with  help  of  similarity  theory.  According  to  this  theory,  for  a  defi¬ 
nite  family  of  similar  systems  there  should  be  fulfilled  constancy  of  the  ratios  of  the 
dimensional  quantities.  The  author  considers  that  in  particular  there  should  be 
satisfied  the  condition 


(7.13) 

(7.1'0 


where  d  —  characteristic  dimension  of  the  flame-holder; 
w  -  flow  velocity. 

Burn-up  time  of  the  mixture  in  the  zone  of  counter  currents  is  taken  to  be 
proportional  to  the  bum-up  time  in  a  laminar  flame-front 

(7.15) 

*1 

where  a  -  coefficient  of  thermal  diffusivity; 

uH  —  speed  of  propagation  of  a  flame  in  a  laminar  flow,  whence  we  will  obtain 

—  Mi  —  const  (7.16) 

icr  <■> 

As  numerous  comparisons  have  shown,  satisfactory  agreement  of  calculated  with 
experimental  data  at  Mi  =  0.45  is  obtained  only  for  conical  flame-holders  with 
diameter  from  3  to  11  mm  in  the  case  of  burning  in  an  open  flow  (at  the  pipe  exit) 
of  homogeneous  mixtures  with  a  >  1.0.  Calculated  and  experimental  curves  of  wCp  = 

=  f(a)  diverge  with  Increase  of  the  dimension  of  the  flame-holder,  with  change  of 
its  geometric  form  and  with  change  of  temperature  of  the  fuel  mixture. 

The  authors  of  work  [10]  consider  that  flame  stabilization  by  a  bluff  body  is 
provided  until  there  exist  certain  mass  transfer  and  heat  release  conditions  in  the 
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recirculation  zone,  i.e,,  while  the  chemical  reaction  occurs  with  a  definite  rate, 
and  combustion  efficiency  of  fuel  in  the  recirculation  zone  does  not  lie  below  a 
definite  value.  Thus,  qualitatively  they  also  relate  conditions  of  stable  combustion 
with  a  definite  thermal  state  of  the  recirculation  zone.  However,  derivation  of 
quantitative  relations  is  approached  differently.  Proceeding  from  the  fact  that  the 
recirculation  zone  is  a  zone  of  intense  mixing,  the  volume  of  the  zone  is  represented 
as  a  homogeneous  reactor,  and  peculiarities  of  flame  stabilization  by  a  bluff  body 
are  explained  from  considerations  of  combustion  in  this  zone  as  a  chemical  reaction 
of  the  second  order.  From  the  equation  of  material  balance  for  steady-state  process 
in  volume  V  at  mass  flow  rate  of  air  A  and  ratio  of  fuel  mass  to  air  mass  f/a,  there 
is  obtained  the  relationship 


B 


whe  re  e 
P 
M- 
E 
B' 
T 

y 


fraction  of  fuel  burning  in  the  recirculation  zone; 

static  pressure; 

molecular  weight  of  the  fuel; 

activation  energy; 

molecular  collision  coefficient  in  the  kinetic  equation; 
flame  temperature  during  combustion  of  a  fraction  e  of  fuel; 
equivalence  relationship  for  lean  mixtures; 


actual  ratio  f/a _ 

y  “  stiochiometric  ratio  f/a’ 

For  rich  mixtures,  in  equation  (irpm*  is  assumed  that  y  =  1.0. 

In  Fig.  7.18»  equation  (7.17)  is  represented  graphically  for  various  equivalence 
coefficients  y.  From  the  graph  it  is  clear  that  for  every  curve  there  exist  three 
values  of  ranges  of  e  at  which  the  reactor  can  operate.  The  low  range  at  e  =  0  does 
not  have  practical  significance,  since  in  this  case  no  flame  is  observed,  and 
substance  passes  through  the  reactor  at  extremely  low  reaction  rate.  Intermediate 
values  (shown  by  the  dotted  line)  do  not  have  physical  meaning  because  shortening 

p 

of  the  stay  time  of  gases  in  the  zone,  i.e.,  increase  of  A/Vp  ,  must  not  cause 
increase  of  e. 
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Of  practical  interest  is  only  one  curve  -  the  upper 


>  Equiv«l»nct 

5li8 y '  . 


#8*  it  i 

Low  combuitlon 
•fflcloncy 

Fig.  7.18.  Region  of 
action  of  a  homogen¬ 
eous  reactor.  Calcu¬ 
lated  for  E  =  40,000 

c  al/mole ,  B'  =  4*1012 

cm^*sec;  fuel  is 
heptane,  temperature 
of  entering  mixture 

is  366°K  [10]. 


curve.  According  to  tnis  curve,  with  increase  of  air 
velocity  (increase  of  A)  e  slowly  decreases,  until  there 
is  attained  the  maximum  abscissa  of  this  curve.  With 
further  increase  of  mass  flow  rate  of  air,  there  occurs 
blowoff.  For  mixtures  differing  from  stoichiometric, 
blowoff  always  appears  at  mass  flow  rates  progressively 
decreasing  with  increase  of  deviation  from  stoichiometric 
proportion. 

Equation  (7*17)  explains  peculiarities  of  flame 
stabilization  by  bluff  bodies  well  qualitatively:  instan¬ 
taneous  blowout  of  the  flame  with  increase  of  flow  velocity 
or  change  of  a,  influence  of  mixture  ratio,  pressure  in 


the  flow,  etc.  However,  its  application  for  analysis  of  flame  stabilization  is 
still  not  possible.  The  use  of  the  quantities  V  and  A  for  calculation,  measured 
during  stationary  burning  or  for  cold  flows,  is  impossible,  since  the  first  case 
corresponds  to  stable  combustion,  and  the  second  corresponds  to  the  impossibility 
of  burning  in  the  zone  of  counter  currents.  At  the  time  of  blowoff,  ratio  A/V  should 
be  larger  than  during  a  stationary  burning  process,  but  less  them  in  the  absence 
of  burning.  Determination  of  change  of  quantities  V  and  A  in  the  interval  between 
these  extreme  values  and  finding  of  their  dependence  at  the  time  of  flame  blowoff 
on  temperature,  mixture  ratio,  etc.,  is  a  very  difficult  problem  in  view  of  non- 
stationarity  and  short  duration  of  the  blowoff  process.  Furthermore,  the  kinetic 
constants  of  the  combustion  reaction  E  and  B1  are  unknown  for  the  majority  of  fuel 
mixtures. 

Recently,  in  a  number  of  works,  for  Instance  in  [4],  there  was  expressed  the 
assumption  that  during  stabilization  of  a  flame  in  a  flow  with  the  help  of  bluff 
bodies,  a  controlling  factor  in  the  ignition  process  of  fresh  mixture  is  the  time 
necessary  for  preparation  of  the  mixture  for  burning.  This  time,  arbitrarily 


called  the  induction  time,  includes  both  the  time  necessary  for  heating  of  an  element 
of  volume  of  fuel  mixture  to  the  ignition  temperature  by  means  of  mixing  and  the  time 
necessary  for  development  of  the  reaction,  which  depends  on  kinetics  of  the  reaction. 

These  considerations,  which  are  based  on  clear  physical  premises,  are  confirmed 
by  experimental  data  on  flame  stabilization  in  the  boundary  layers  of  heated  plates. 
For  instance,  it  has  been  experimentally  shown  that  the  distance  from  the  leading 


edge  of  a  heated  plate  to  the  stabilized  flame  front  at  constant  flow  velocity  depends 
on  mixture  ratio  and  the  temperature  of  the  plate:  the  less  the  temperature  of  the 
plate,  the  bigger  this  distance.  It  is  also  obvious  that  at  constant  wall  temperature 
and  mixture  ratio  a  the  distance  to  the  stabilized  flame  front  will  increase  with 
increase  of  flow  velocity. 

Thus,  the  time  of  contact  of  the  combustible  mixture  with  the  ignition  source  is 
one  of  the  controlling  factors  of  flame  stabilization.  However,  for  the  case  of 
Ignition  of  fresh  mixture  during  its  contact  with  heated  gasses  (or  combustion 
products)  in  the  recirculation  zone  after  a  bluff  body,  as  this  is  considered  in 
work  [4],  theoretical  concepts  are  insufficiently  developed,  and  cause  serious  objec¬ 
tions  to  a  number  of  points. 

Analysis  of  the  well-known  theoretical  works  on  flame  stabilization  leads  to  the 
conclusion  that  this  complicated  process  can  qualitatively  be  explained  with  the 
help  of  the  thermal  theory  of  ignition.  However,  attempts  to  find  a  quantitative 
relation  for  the  heat  balance  equation  in  the  chemical  reaction  zone  have  still  not 
been  crowned  with  success  under  these  complicated  conditions. 


§  4.  ANALYSIS  OF  FLAME  STABILIZATION  BY  A  BLUFF  BODY 

In  order  to  obtain  empirical  dependences,  which  would  be  useful  for  approximate 
engineering  calculations  of  the  dimension  of  a  flame-holder  which  ensures  reliable 
flame  stabilization  at  known  parameters  of  the  fuel  mixture,  we  processed  experimental 
data  known  to  us  on  "lean"  blowoff  during  burning  of  homogeneous  gasoline-air  and 
kerosene  air  mixtures  after  bluff  bodies:  cones,  through-shaped  flame-holders  with 
different  heights  and  vertex  angles  p,  plates  and  cylinders. 

From  the  graph  shown  in  Fig.  7.9,  it  is  clear  that  for  flame-holders  of  given 
geometric  form  at  constants  temperature  and  mixture  ratio,  the  flow  velocity*  at 
which  blowoff  occurs  is  proportional  to  the  dimension  of  the  flame-holder.  At 
constant  ratio  w,pA»  the  range  of  stable  combustion  with  respect  to  mixture  ratio 
is  wider,  the  higher  the  temperature  of  the  flow  and  the  larger  the  flow  friction 
coefficient  of  the  flame-holder. 

In  Fig.  7.19  there  are  plotted  blowoff  characteristics  in  "lean"  mixtures  in 
dimensionless  coordinates  wCp/wQ  Qp  =  f(aQ  Cp/aCp)  for  single  flame-holders  and  grids 


•Flow  velocity  was  determined  in  the  narrowest  section  of  the  pipe,  in  the  exit 
plane  of  the  flame -holder. 
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of  flame -holders  of  various  geometric  forms  and  dimensions,,  for  different  relative 
locations  of  the  flame -holders,  various  mixture  temperatures  and  pressure  close  to 
atmocpheric.  For  all  of  the  considered  cases,  experimental  points  are  satisfactorily 
grouped  around  one  straight  line,  which  is  approximated  by  the  dependence 

-52- -0,844  + 0,156 -*L.  (7.18) 


where  wQ  ct.  =  40  m/sec  -  constant  value  of  flow  velocity  at  which  there  occurs 

p  blowoff  from  flame-holders  at  some  value  of  a0cp  depending 

on  the  dimension  and  geometric  form  of  the  streamlined  body, 
temperature  of  the  combustible  mixture,  etc.;* 


aO  cn  ”  mixture  ratio  at  which  there  occurs  blowoff  from  a  flame - 
*  holder  at  wQ  Cp  =  40  m/sec; 

w  and  a  -  respectively  the  flow  velocity  mixture  ratio  at  which  blowoff 
CP  CP  occurs,  if  wCp  >  40  m/sec . 


Fig.  7.19.  The  dependence  wCp/v0  cp  =  f(aQ  op/aCp)  in  lean 

homogeneous  mixtures  after  single  flame-holders  and  after 
grids  of  flame-holders  of  different  geometric  form.  (Desig¬ 
nations  are  the  same  as  in  Fig.  7.13). 


As 


can  be  seen  from  the  graph,  in  the  range  of  ratios  w  /w n  =  1-6,  the 

cp'  u  cp 

maximum  spread  of  experimental  points  with  respect  to  the  ratio  aQ  Cp/aCp  (at  a  given 
constant  ratio  wCp/w0  Cp)  does  not  exceed  ±5#.  At  constant  value  of  aQ  Cp/“Cp, 
the  spread  with  respect  to  flow  velocity  is  somewhat  higher,  and  reaches  to  ±12$, 


which  from  the  technical  point  of  view  can  be  recognized  as  fully  satisfactory. 


♦The  quantity  Wq  Cp,  equal  to  40  m/sec,  is  selected  as  the  limiting  minimum  flow 

velocity  possible  in  combustors  of  straight-flow-through  type.  It  would  be  possible 
to  select  another  value  of  wQ  Cp,  equal,  for  instance,  to  50  or  60  m/sec,  etc.;  the 

structure  of  relationship  (7.18)  then  would  remain  the  same;  only  the  coefficients 
would  be  changed. 
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Relationship  (7.i8)  can  be  used  for  analysis  of  flame  stabilization  if  there  is 
known  the  dependence  of  aQ  Qp  on  various  factors  which  determine  blowoff  during 
burning  of  "lean"  mixtures  —  geometric  form  and  dimension  of  flame-holders,  temperaturt 
of  the  flow,  etc. 

Analysis  of  available  experimental  data  shows  that  there  can  be  found  satisfac¬ 
tory  empirical  dependences,  relating  aQ  0p  with  the  dimension  and  geometric  form  of 
the  flame-holder  and  the  temperature  of  the  fuel  mixture  at  pressure  close  to 
atmospheric. 

From  Fig.  7.20a,  it  is  clear  that  for  flame-holders  of  the  given  geometric  form 
and  dimensions,  experimental  points  of  the  dependence  lg  aQ  Cp  =  f(tCM)  in  the  range 

to  tcu  =  500°C  are  fully  satisfactorily 
grouped  about  the  straight  lines 
approximated  by  the  equation 

I  gittp-A  +  Bt",  (7.19) 

where  t  is  the  initial  temperature 
of  the  fuel  mixture. 

Coefficient  A  in  this  relation¬ 
ship  depends  on  the  geometric  form  and 
dimension  of  the  flame-holder,  but 
coefficient  B  is  identical  for  grooved 
and  conical  flame -holder  and  is 

Fig.  7.20.  Dependence  of  aQ  on  t  ,  equal  to  6.4»10-i*. 

dimensions  and  geometric  form  of  flame-  ..  .  ^  ^ 

holders.  Homogeneous  mixture  wQ  =  At  constant  temperature  of  the 

-  40  ra/sec.  (Designations  are  the  same  fuel  mixture  in  the  same  given 

as  in  Fig.  7.1?). 

geometric  form  of  flame-holder,  experi¬ 
mental  points  of  dependence  aQ  Qp  =  q>(h)  are  also  satisfactorily  grouped  about  the 
straight  lines  (Fig.  7.20b)  approximated  by  the  dependence 

«,*-M  +  JV.2A.  (7.20) 

Where,  as  in  the  first  case,  coefficient  M  depends  on  the  geometric  form  of  the 
flame-holder,  and  coefficient  N  is  identical  for  flame-holders  of  all  of  the  consid¬ 
ered  giometric  forms. 

By  substituting  in  equation  (7.19)  the  values  of  aQ  Cp  calculated  according  to 
equation  (7.20)  (or  taken  from  Fig.  7.20b),  we  can  find  the  dependence  of  coefficient 
A  on  dimension  of  a  flame-holder  of  given  geometric  form.  In  Fig.  7.20c,  there  are 


given  such  dependences  for  grooved  flame-holders  with  vertex  angles  p  =  J0°  and  60°, 
and  for  a  plate,  a  cylinder  and  cones  with  vertex  angle  P  =  3O0.  Prom  the  graph  it 

is  clear  that  dependence  of  A  on  dimension  of  the  flame-holder  is  approximated  by 
the  linear  relationship 


A  “  a  +  c*2h  (7.21) 

Coefficient  a  depends  on  the  geometric  fora  of  the  flame-holder,  but  coefficient  c 


is  identical  for  flame-holders  of  all  of  the  considered  geometric  forms,  and  is 
,-4 


equal  to  28. 3 *10" 

For  goorved  flame-holders,  the  dependence  a  =  a(P)  is  given  in  Fig,  7,20d  (it 
is  arbitrarily  accepted  that  a  grooved  flame-holder  with  p  =  0  is  equivalent  to  a 
cylinder  with  d  =  h);  for  cones  with  diameter  of  base  d  >  20  mm  and  P  =  30°  a  *>  0.05. 
The  influence  of  pressure  on  the  limits  of  stable  combustion  with  respect  to 

flow  velocity  (other  conditions  being  equal)  can  be  approximately  taken  into  account 
by  the  relationship 


•v 


(7.22) 


where  wcp  ±  velocity  at  which  blowoff  from  the  flame-holder  occurs 


wcp  2  ~  flow  velocity  at  which  blowoff  occurs  from  the  flame-holder 

at  pressure  in  the  flow  p2> 


During  selection  of  the  exponent  n,  one  should  be  guided  by  considerations 
presented  in  §  2  of  the  present  chapter. 

According  to  formulas  (7 . 18 ) - (7 . 22 ) ,  with  the  use  of  Fig.  7.20d,  it  is  possible 
to  calculate  the  dimension  of  the  flame-holder  which  will  ensure  stable  combustion  of 
the  fuel  at  the  given  parameters  of  the  homogeneous  fuel  mixture.  Results  of  calcu¬ 
lation  will  agree  satisfactorily  with  experiment  (see  Fig.  7,13). 

The  empirical  relationships  given  above  for  calculation  of  flame  statilization 
were  obtained  as  a  result  of  processing  of  much  experimental  material.  They  do  not 
contradict  contemporary  conceptions  of  the  mechanism  of  flame  stabilization  by  bluff 
bodies,  which  are  based  on  the  thermal  theory  of  ignition.  But,  Just  as  any  empirical 
relationships,  there  are  accurate  only  in  the  investigated  range  of  change  of 
controlling  parameters.  It  is  obvious,  for  instance,  that  the  linear  dependence  of 
a0  cp  on  the  dimension  of  the  flame-holder  is  accurate  within  a  limited  range  of 
change  of  dimensions  h.  This  limitation  is  connected  with  the  concentration  limits 
of  ignition  of  a  fuel  mixture:  with  approach  to  this  limit  and  increase  of  the 
dimension  of  the  flame-holder,  the  relative  increase  of  the  range  of  stable  combustion 

-387- 


with  respect  to  a  will  tend  to  zero.  It  Is  also  probable  that  In  the  case  when 
temperature  of  the  mixture  Is  close  to  the  Ignition  temperature,  its  influence  on 

lg  Oq  Cp  will  be  different  than  in  the  cases  considered  by  us  at  tQU  lower  than  the 
ignition  temperature. 
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CHAPTER  VIII 


BURNING  OF  FUEL-AIR  MIXTURES  IN  THE  WAKE  AFTER  A  BLUFF  BODY 

I 

§  1.  BURNING  OF  A  HOMOGENEOUS  MIXTURE  IN  THE  WAKE  AFTER  A  SINGLE 
STABILIZER  IN  A  HALF-OPEN  FLOW 

I  ] 

In  combustors  of  ramjet  engines  (IlEPA)  and  afterburners  of  gas-turbine  engines 


(ITA),  burning  of  fuel  occurs  mainly  in  wakes  after  bluff  bodies  -  flame  holders. 

The  process  of  turbulent  burning  depends  on  physicochemical  and  hydrodynamic  parameters 
of  the  flow  of  hot  mixture.  The  influence  of  these  factors,  at  least  qualitatively, 
appears  to  be  identical  in  the  cases  of  burning  in  flows  with  homogeneous  and  isotropic 
turbulence  and  burning  in  combustion  chambers  of  straight-flow- through  type. 

Specific  peculiarities  of  burning  in  the  wakes  after  bluff  bodies  consist  of  the 
following.  As  measurements  have  shown,  the  intensity  of  turbulence  in  an  isothermal 


i  s  it  a  tt  ts  j 99% 


y  mm 

Fig.  8.1.  Intensity  of  turbu¬ 
lence  in  the  wake  after  a  flame- 
holder  in  a  pipe  during  cold 
flow  around  it  (experiments  of 
Solntsev ) . 


flow  sharply  changes  over  the  length  and  in  the 
cross  sections  of  the  wake,  attaining  30#  and 
more  on  the  axis  near  the  flame-holder,  and 
decreasing  to  the  intensity  of  turbulence  in  the 
Incident  flow  with  increase  of  distance  from  the 
flame-holder  and  on  the  boundaries  of  the  wake 
(Fig,  8.1).  Turbulent  characteristics  of  the 
wake  depend  on  dimensions  and  geometric  form  of 
the  bluff  bodies.  For  a  grid  of  flame-holders, 
the  intensity  and  scale  of  turbulence  along  the 
combustion  chamber  and  over  its  cross  sections 


will  depend  also  on  the  number  and  relative  location  of  the  flame-holders.  During 
flow  of  gas  through  the  grids,  homogeneous  and  isotropic  turbulence  appears  at  a 
distance  of  20  to  30  times  the  caliber  of  the  cross  piece  of  the  grid  downstream 


(see  Chapter  III).  Consequently,  homogeneous  and  Isotropic  turbulence  can  be  expected 
only  at  the  end  of  the  combustion  chamber,  where  the  process  of  burning  of  the  fuel 
should  be  practically  completed.  It  is  also  known  that  parameters  of  turbulence  in 
the  wakes  after  bluff  bodies  in  a  pipe  are  different  during  burning  and  in  cold  flows, 
and  depend  on  the  degree  of  preheating  of  the  gases  (see  Chapter  IV). 

Another  peculiarity  of  burning  after  a  bluff  body  is  that  combustion  products 
with  high  temperatures,  which  fill  the  recirculation  zone,  not  only  stabilize  the 
burning  process,  but  also,  while  being  continuously  mixed  in  the  turbulent  boundary 
layer,  apparently  render  an  essential  influence  on  burning  velocity. 

Below  there  are  expounded  some  results  of  experimental  investigation  of  burning 
of  homogeneous  and  two-phase  mixtures  in  the  wakes  after  single  flame-holders  and 
after  grids  of  flame-holders  fixed  in  a  half -open  flow  and  in  a  pipe. 

A  typical  distribution  of  time-averaged  temperatures  in  a  flame  during  burning 
of  gas  mixtures  in  a  wake  after  a  bluff  body  is  shorn  in  Fig.  8.2.  The  temperature 
of  the  gases  has  a  maximum  on  the  axis  of  the  wake  and  decreases  to  the  temperature 
of  the  initial  fresh  mixture  on  the  boundaries  of  the  flame.  During  stable  burning, 
the  maximum  temperature  depends  on  composition  and  initial  temperature  of  the  mixture, 
but  does  not  depend  on  dimension  and  geometric  form  of  the  flame-holder,  or  on  flow 
velocity.  With  approach  to  the  boundaries  of  "lean"  blowoff  (by  any  means  -  increase 
of  flow  velocity,  making  the  mixture  leaner  or  decrease  of  flame-holder  dimension), 
the  temperature  of  gases  along  the  axis  of  the  wake  changes:  in  the  zone  of  counter 
currents  it  is  close  to  maximum;  in  the  transition  section  it  drops  considerably 
(magnitude  of  this  decrease  depends  on  the  degree  of  approach  to  the  blowoff  regime 
of  the  flame),  and  then  again  increases  in  the  main  section  of  the  wake,  attaining  a 
maximum  at  a  considerable  distance  from  the  flame-holder. 

Width  of  the  flame  in  a  fixed  cross  section  depends  on  the  dimension  and  geometric 
form  of  the  flame-holder:  the  greater  the  "bluffness"  of  the  bodies,  i.e.,  the  greater 
their  flow  friction  is,  the  wider  the  flame  is.  Width  of  the  flame  decreases  with 
increase  of  flow  velocity  and  leanness  of  the  mixture  (see  Fig.  8.2),  and  also 
depends  on  conditions  of  burning  —  whether  in  an  open  flow  or  in  a  pipe,  with 
different  degrees  of  blockage  by  flame-holders  (Fig.  8.3). 

Curves  of  temperature  change  of  gases  over  cross  sections  of  the  flame  from 
temperature  of  the  fresh  mixture  tQ  on  the  boundary  of  the  flame  to  maximum  tempera¬ 
ture  at  the  axis  tm  are  universal:  independently  of  flow  velocity,  composition  and 
temperature  of  the  mixture,  temperature  profiles  in  dimensionless  coordinates  reduce 
to  one  symmetric  curve  (Fig.  8.4). 


-390- 


i  ,  -  5  $ 


uiiB^a^PBSiin 


500  *  mm 


\tj3  [  !,$»  \<t-2I> 

200  300  <00  Ji 


a)  <P^n  I  I  '1  gg: 

;  «w jm «c 53*  ji  «« 

Fig.  8.2.  Temperature  fields  and  flame  widths 
during  burning  of  a  homogeneous  mixture  in  the  wake 
after  a  flame -holder  in  a  half- open  flow  depending 
upon  various  factors,  a)  field  of  temperatures 
after  a  flame-holder,  wQ  =  70  m/sec,  a  »  1.4,  h  = 

=  20  mm,  t  =  200°C,  b)  influence  of  dimension  of  the 


flame-holder,  wQ  «=  JO  m/sec,  a  <*>  1.6,  t 


200°C ; 


c)  influence  of  mixture  ratio,  v  =  JO  m/sec,  tcu  * 
=  200°c,  h  =  40  mm;  d)  influence  of  flow  velocity, 
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Fig.  8.3.  Temperature  fields  in  various  cross  sections  of. 
a  wake  during  burning  in  a  half-open  flow  and  in  a  pipe  after 
a  single  flame-holder  and  after  a  grid  of  flame-holders:  #  — 
burning  after  a  single  flame-holder  in  a  half-open  flow;  O  — 
burning  after  a  single  flame-holder  in  a  pipe  135  x  550  x  800 
mm;  A  -  burning  after  three  flame-holders  in  a  pipe  135  x  550  x 
x  800  mm  (distance  between  flame-holders  is  j8  mm);  w  =  80-90 
m/sec;  a  =  1.6;  tCM  =  200°C;  h  -  40  mm. 
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Fig.  8.4.  Dimensionless  temperature  fields 
In  cross  sections  of  the  flame  after  a 
single  flame-holder. 


On  the  basis  of  a  large  number 
of  experimental  data,  it  has  been 

established  that  during  burning  of 
homogeneous  mixtures  in  a  wake  after 
a  bluff  body,  the  quantity  of  heat 
released  in  the  flame,  other  things 
being  equal,  practically  does  not 
depend  on  the  dimension  of  the  flame- 
holders  (Fig.  8.5). 


Fig.  8.5.  Heat  release  in  the 
flame  after  flame-holders  of 
various  dimensions.  Burning  of 
a  homogeneous  mixture  in  a  half¬ 
open  flow.  wQ  =  90  m/sec,  a  -- 

=  1.8,  #  —  h  =  10  mm;  q  —  h  = 

=  20  mm;  O  -  h  =  40  mm. 


Heat  release  in  the  wake  does  not  depend  on  flame-holder  dimension  either  during 
burning  after  a  single  flame-holder  in  a  half-open  flow  or  during  burning  in  a  pipe 
after  a  grid  of  flame-holders.  In  Fig.  8.6  there  are  given  temperature  fields  in 
various  cross  sections  of  a  pipe  during  burning  of  a  homogeneous  gasoline-air  mixture 
after  three  V-shaped  flame-holders  of  dimension  h  =  40  mm  and  after  four  flame-holders 
of  dimension  h  =  10  mm.  In  both  cases,  distances  between  the  wall  of  the  pipe  and 
edges  of  the  flame-holders  adjacent  to  it,  and  also  between  edges  of  adjacent  flame- 
holders  were  identical  (parameters  of  the  flow  were  also  identical).  In  spite  of 
the  fact  that  the  degree  of  blockage  of  the  cross  section  of  the  pipe  by  flame- 
holders  in  the  first  case  was  34$,  and  in  the  second  —  altogether  11$,  the  combustion 
efficiency  of  fuel  in  the  chamber  with  four  flame-holders  h  =  10  mm  was  even  somewhat 
higher  than  in  the  chamber  with  three  flame-holders  h  =  40  mm  (at  the  end  of  the 
pipe,  at  x  =  760  mm,  in  the  first  case  r)z  =  0.95;  in  the  second  —  =  0,92). 

Thus,  for  the  purpose  of  intensification  of  the  burning  process  with  the  same 
(or  even  smaller)  hydraulic  losses  in  the  combustion  chamber,  it  is  expedient  to 
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increase  the  number  of  flame-holders  with  small  dimensions,  but  not  their  dimension. 
The  minimum  dimension  of  a  flame-holder  thus  should  be  chosen  from  the  condition  of 
guarantee  of  stable  combustion  within  a  given  range  of  variation  of  parameters  of  the 
flow  of  fuel  mixture. 
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Fig.  8.6.  Temperature  fields  over  cross  sections  of  a  pipe  during  burning  after  grids 
of  3  flame-holders  with  h  =  40  mm  and  4  flame-holders  with  h  =  10  mm.  Homogeneous 
mixture,  a  =  1.4,  tcu  =  200°C,  wQ  =  70  m/sec. 

§  2.  CERTAIN  PECULIARITIES  OF  BURNING  OF  HOMOGENEOUS 
GAS  MIXTURES  AFTER  A  GRID  OF 
FLAME-HOLDERS  IN  A  PIPE 

In  combustors  of  ramjet  engines  and  afterburners  of  gas-turbine  engines,  the 
process  of  burning  of  fuel  occurs  after  a  grid  (group)  of  flame-holders.  In  this 
case,  dimensions  and  configuration  of  flames  after  each  flame-holder  depend  on  the 
number  of  flame-holders  and  their  relative  location  in  the  combustion  chamber.  With 
uniform  location  of  the  flame-holders  in  the  same  plane  (when  the  distances  S  between 
edges  of  adjacent  flame-holders  are  identical,  and  the  distances  between  pipe  walls 
and  edges  of  the  flame-holders  adjacent  to  it  are  equal  to  S/2),  axes  of  the  flames 
are  parallel  to  the  axis  of  the  pipe,  and  after  every  flame-holder  of  identical 
dimensions  and  geometric  form  the  flames  have  identical  dimensions.  In  the  case  when 
flame-holders  over  the  cross  section  of  the  combustion  chamber  are  located  in  an 
echeloned  manner,  or  nonuniformly,  with  different  distances  S,  under  the  action  of 
aerodynamic  forces  and  thermal  expansion,  the  dimensions,  gas-dynamic  and  thermal 
characteristics  of  flames  after  each  flame-holder  turn  out  to  be  different  (Fig.  8.7). 
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Especially  strongly  changed  are  the  gas-dynamic  and 
thermal  parameters  of  flames  after  each  flame-holder 
when  there  is  applied  echeloned  location  of  them 
in  the  combustion  chamber.  Characteristic  in  this 
case  is  the  sharp  decrease  of  temperature  of  the 

Pig,  8.7.  The  influence  of 

relative  location  of  flame-  gas  along  the  axis  of  the  flame  at  a  certain 

holders  on  flame  geometry 

during  burning  in  a  pipe,  distance  from  the  flame-holder  (see  below,  §  5  and 

Fig.  8.17). 

The  mutual  influence  of  the  flames  shows  up  not  only  in  the  fact  that  conditions 
of  thermal  expansion  are  changed  and  their  shape  is  deformed  by  the  flow,  but  also 
in  the  fact  that  turbulence  characteristics  of  the  flow  are  changed  along  the  length 
and  over  the  cross  sections  of  the  combustion  chamber.  It  is  obvious  that  the  less 
the  distance  is  between  flame-holders,  the  higher  will  be  (at  the  same  length)  the 
general  level  of  intensity  of  turbulence  in  the  interval  between  the  flame-holders, 
and  the  higher  will  be  the  burning  rate  of  fuel  in  this  interval.  During  burning  after 
a  grid  of  flame-holders,  gradients  of  flow  velocity  increase  over  cross  sections  of 
the  pipe.  This  causes  additional  turbulization  of  the  flow,  and  this  also  leads  tc 
increase  of  burning  rate. 

At  present  it  is  not  possible  to  consider  in  advance  the  influence  of  each  of  the 
enumerated  factors  on  development  of  the  burning  process  in  combustion  chambers.  At 
the  same  time,  the  accumulation  of  empirical  data  and  their  statistical  reduction 
for  the  purpose  of  obtaining  dependences  characterizing  the  burning  process  on  the 
whole  in  the  wake  after  a  single  flame-holder,  are  unsuitable  for  use  in  examining  of 
the  process  of  burning  of  fuel  after  a  grid  of  flame-holders. 

For  study  of  processes  of  burning,  it  is  apparently  more  expedient  to  use 
experimental  data  obtained  during  the  investigation  of  burning  not  after  one,  but 
after  a  group  of  flame-holders,  considering  thereby  the  total  effect  of  their  mutual 
influence  on  the  process  of  burning. 

Above  it  was  indicated  that  combustion  efficiency  of  fuel  along  the  axis  of  the 
flame  after  a  flame-holder  remains  practically  ’onstant  over  the  whole  length  of 
the  wake.  In  the  interval  between  flame-holders,  combustion  efficiency  is  increased 
from  zero  to  the  given  value  in  a  distance  which  is  dependent  on  many  factors  — 
physicochemical  parameters  of  the  flow  of  fuel  mixture,  dimensions  and  geometric  form 
of  flame-holders,  distance  between  them,  etc. 

If  we  consider  a  design  of  a  combustion  chamber  inside  which  there  are  installed 
flame-holders  of  identical  shape  and  dimension  in  the  same  plane,  then  it  will  become 


evident  that  independently  of  the  diameter  of  the  chamber  and  the  number  of  flame- 
holders  installed  in  it,  the  entire  process  of  burning  of  fuel  is  essentially 
determined  only  by  characteristics  of  burning  in  the  plane  of  symmetry  between  the 
two  adjacent  flame-holders  and  between  the  wall  and  the  flame-holders  adjacent  to  it. 
Consequently,  a  group  of  two  flame-holders  can  be  considered  as  a  basic  element  of 
the  combustion  chamber,  and  characteristics  of  burning  in  the  interval  between  these 
flame-holders  can  be  extended  to  a  combustion  chamber  of  any  dimensions  with  any 
number  of  flame -holde rs , 

This  consideration,  of  course,  is  valid  only  in  the  case  when  burning  in  the 
interval  between  two  adjacent  flame-holders  indeed  does  not  depend  on  the  total  number 
of  flame-holders  installed  in  the  chamber,  or  their  mutual  influence  can  be  disre¬ 
garded.  The  characteristic  change  of  intensity  of  turbulence  after  each  flame- 
holder,  with  maximum  of  intensity  on  the  axis  of  the  wake,  creates  as  it  were  two 
barriers,  which  hinder  the  penetration  of  velocity  pulsations  generated  after  the 
other  flame-holders  into  the  space  between  the  two  considered  adjacent  flame-holders, 
and  consequently  the  influence  of  the  other  flame-holders  in  this  relation  should 
be  insignificant.  But  increase  of  the  number  of  flame-holders  v.'ill  lead  to  growth 
of  heat  release,  and  at  the  same  flow  rate  of  air  there  will  be  increased  the  average 
flow  velocity  along  the  length  of  the  combustion  chamber;  furthermore,  there  will  be 
changed  conditions  of  thermal  expansion  of  the  flames.  This  can  influence  the  com¬ 
bustion  process  in  the  interval  between  two  adjacent  flame-holders  with  change  of 
the  total  number  of  flame-holders  in  the  combustion  chamber. 

For  clarification  of  this  question  there  were  conducted  special  experiments.  In 
a  rectangular  tube  with  the  dimensions  350  x  135  mm,  there  were  consecutively 
installed  in  the  same  plane  two,  and  then  four  identical  flame-holders  with  the 
dimension  h  -  40  mm,  with  distance  between  adjacent  edges  S  =  40  mm.  At  identical 
flow  rate,  temperature  and  mixture  ratio,  there  were  measured  temperature  profiles 
in  various  cross  sections  of  the  combustion  chamber;  there  were  determined  boundaries 
of  the  flames  and  with  the  help  of  chemical  analysis,  there  was  measured  the  depletion 
of  fuel  along  the  length  of  the  chamber  in  the  plane  of  symmetry  between  the  flame- 
holders.  Results  of  measurements  showed  that  flame  boundaries  and  fuel  depletion  in 
the  plane  of  symmetry  (along  the  axis  of  the  chamber)  between  flame-holders  in  both 
cases  turned  out  to  be  practically  identical  (Fig.  8.8),  These  experiments  convinc¬ 
ingly  confirmed  the  above  consideration  about  the  fact  that  a  group  of  two  flame- 
holders  can  be  considered  as  a  basic  element  of  a  combustion  chamber,  and 


Fig.  8.8.  Change  of  gas  temperature 
and  nz  in  the  plane  of  symmetry  between 

two  adjacent  flame-holders.  Uniform 
fuel  mixture;  a  »  1.4,  tcu  =  200°C, 

wQ  =  70  m/sec,  #—  scheme  No.  1,  x  - 
scheme  No.  2. 


characteristics  of  burning  in  the  interval 
between  these  flame-holders  can  bo  extended 
to  a  combustion  chamber  of  any  dimensions 
with  any  number  of  flame-holders. 

The  Beet  ion  of  the  length  of  the 
combustion  chamber  from  the  flame -ho Id era 
to  the  nozzle,  which  we  will  subsequently 
call  the  "hot"  part  of  the  chamber  L^,  can 
be  considered  to  consist  of  two  parts:  the 
initial  part  ly,  in  which  flameB  between 
the  flame-holders  intersect  each  other,  and 
the  section  lr,  in  which  combustion 
efficiency  of  the  fuel  in  the  plane  of 
symmetry  between  the  flame-holders  is 
changed  from  zero  to  the  given  value. 

The  initial  section  l is  conveniently 
estimated  by  the  mean  angle  of  expansion  of 
the  flames  q>: 


§  3.  DEPENDENCE  OF  ANGLE  OF  EXPANSION  OF  FLAMES  ON  VARIOUS  FACTORS 
The  length  of  the  initial  section  of  the  hot  part  of  the  combustion  chamber 
depends  on  many  factors  —  temperature  and  air-fuel  ratio,  velocity  and  Initial 
tux-bulence  of  the  flow,  geometric  form  of  the  flame-holders  and  the  distance  between 
them,  etc.  Change  of  some  of  these  enumerated  factors  strongly  affects  the  magnitude 
<p ;  the  influence  of  others  affects  it  insignificantly.  In  Fig.  8.9  there  are  given 
experimental  data  on  the  influence  of  different  factors  on  the  magnitude  cp. 

The  angle  of  expansion  of  the  flame  greatly  depends  on  flow  velocity,  temperature 
and  mixture  ratio,  but  depends  little  on  the  distance  between  flame-holders  (at  S  * 

2  1U  mm)  and  practically  does  not  depend  on  dimensions  of  the  flame-holders  h.  Over 
the  length  of  the  initial  section,  the  geometric  form  of  the  bluff  body  has  an 
influence:  the  greater  the  "bluffness"  of  the  bodies,  the  shorter  the  length  lx  is, 
other  things  being  equal.  Increase  of  intensity  of  turbulence  of  the  incident  flow 
of  fuel  mixture  also  loads  to  reduction  of  the  length  of  the  initial  section. 
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Fig.  8.9.  Change  of  angle  of  expansion  of 
flames  <p  in  the  interval  between  two  flame- 
holders  depending  upon  various  factors. 
Homogeneous  fuel  mixture;  V-shaped  flame- 
holders  with  (3  =  60°,  a)  influence  of 
temperature  of  the  mixture  tcu;  b)  influence 

of  flow  velocity  rate  wQ;  c)  influence  of 

mixture  ratio  a;  d)  influence  of  distance 
S  between  flame -holders. 


On  the  whole,  In  the  range  of 

*  .  ** 

change  of  flow  velocity  of  the  fuel 
mixture  (wQ  -  40-160  ny'nee,  tQ)t  ■ 

-  200-600°C  and  a  -  1. 1-2,0)  at  the 
usual  pipe  Intensity  of  flow 
turbulence,  the  angle  9  changes 
within  the  limits  5-10°,  In  rough 
approximate  calculations,  it  is 
possible  to  assume  that  on  the 
average  ?  -  7°;  for  a  more  accurate 
estimate  of  length  of  the  initial 
section  lx ,  It  is  possible  to  use 
the  graphs  given  in  Fig.  8.9. 

§  4.  INFLUENCE  OF  VARIOUS  FACTORS 
ON  FUEL  DEPLETION  IN  THE  PLANE 
OF  SYMMETRY  BETWEEN  THE 
FLAME-HOLLERS 

Combustion  efficiency  of  fuel 
over  the  length  of  the  combustion 
chamber  in  the  plane  of  symmetry 
between  flame-holders  changes  accord¬ 
ing  to  the  characteristic  curves  shown 
in  Fig.  8.10.  Curves  of  tj2  =  f(x) 
sharply,  almost  by  a  linear  law, 
increase  over  the  segment  nz  =  0.2 
to  0.9,  and  then  there  occurs  very 
slow  burning.  During  experimental 


determination  of  the  length  of  the  burning  zone,  one  can  with  satisfactory  accuracy 
determine  points  corresponding  to  r\z  *  0.0  and  i\z  *>  0.9.  As  numerous  experiments 
have  shown,  for  increase  of  rjz  from  0.9  to  O.95,  it  is  necessary  to  increase  length 
of  the  combustion  chamber  by  an  amount  approximately  equal  to  0.5  lr>  Length  of  the 
burning  zone  l depends  on  many  factors. 

The  Influence  of  geometric  form  of  the  flame-holders.  The  length  of  the  hot 
part  of  the  combustion  chamber  L^,  other  things  being  equal,  depends  on  geometric  form 
of  the  flame-holders.  In  Fig.  8,10  there  are  given  curves  of  change  of  combustion 
efficiency  of  fuel  over  the  length  of  the  pipe  during  burning  of  a  homogeneous  mixture 


after  flame-holders  of  various  geometric  forms.  Parameters  of  the  flow,  characteristic 


dimensions  of  flwne -holders  and  distancos  betwoon 
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Fig,  8,10,  Change  of  ij2  in 

the  plane  of  symmetry  between 
flame-holders  depending  upon 
their  geometric  form.  Homo¬ 
geneous  combustible  mixture, 
a  .  1.4,  tCM  -  300°C,  w0  - 

=  70  m/sec,  S  -  40  mm.  O  — 
two  plates,  h  -  40  mm;  0  — 
two  V-shaped  flame -holders, 

0  =  60°,  h  ■  40;  x  —  two 
cylinders  with  </>  40  mm. 


them  were  identical,  but  the  length  Lr>  as  can  be 

seen  from  the  graph,  turned  out  to  be  different; 

it  was  least  during  burning  after  plates  fixed 

perpendicularly  to  the  flow,  and  largest  during 

burning  after  cylinders.  Change  of  L  occurs  with 

r 

change  of  both  l x  and  This  is  explained  by  the 

fact  that  with  increase  of  drag  of  the  bluff  body, 
the  width  of  the  turbulent  wake  after  it  increases, 
and  intensity  of  the  turbulent  wake  somewhat 
increases,  which  leads  to  increase  of  burning  velocity, 
wyich  corresponds  to  Increase  of  angle  of  expansion 
of  the  flame  q?  and  to  decrease  of  the  length  of  the 


burning  zone  lr« 

Influence  of  temperature  of  the  fuel  mixture  tcu«  Change  of  temperature  of  the 
fuel  mixture  renders  a  very  strong  influence  on  length  of  the  burning  zone.  Thus,  for 
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Fig.  8.11.  Dependence  of  length  of  the 
burning  zone  Ij,  in  the  plane  of  symmetry 

between  flame-holders  on  various  factors. 
Homogeneous  fuel  mixture,  h  =  40  mm,  S  = 
=  40  mm. 


instance,  at  a  flow  velocity  of  wQ  =  90 
m/sec,  a  =  1.4  and  S  =  40  mm,  cnange  of 

t  ,  from  200°  to  600°C  led  to  decrease 

CM 

of  lr  by  almost  twice  (Fig.  8.11a). 

Influence  of  mixture  ratio  a.  The 
length  of  the  burning  zone  greatly 
depends  also  on  mixture  ratio  a.  Other 
things  being  equal,  with  increase  of  a 
as  compared  to  stoichiometric  composi¬ 
tion,  length  of  the  burning  zone 
increases  (Fig.  8.11b),  The  least 
value  of  l  corresponds  to  a  composition 
of  the  fuel  mixture  which  Is  close  to 
stoichiometric . 

The  Influence  of  flow  velocity  w^. 
In  Fig.  8.11c  there  are  experimental 
data  on  the  influence  of  flow  velocity 
on  length  of  the  burning  zone.  From 
the  graph  it  1.s  clear  that  change  of 
velocity  of  the  Incident  {'low  within 
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the  range  wQ  s  60-70  m/soc  notieeahly  affects  length  lr,  and  this  influence  is 
greater  the  smaller  the  value  of  wQ,  For  Wq  higher  than  70  m/sec,  length  of  the 
burning  zone  very  weakly  depends  on  flux  velocity. 

The  influence  of  distance  S  between  flame-holders.  From  Fig.  8, lid  one  may  see 
that  the  length  of  the  burning  zone  greatly  depends  on  distance  between  flame-holders  1 
lr  increases  almost  linearly  with  Increase  of  S.  This  is  explained  by  the  fact  that 
with  increase  of  distance  between  flame -holders,  average  level  of  intensity  of 
turbulence  of  the  flow  in  the  space  between  them  decreases,  and  this  leads  to  decrease 


of  burning  velocity  and  increase  of  size  of  the  zone  of  heat  release  lp. 


The  Influence  of  dimension  of  the  flame-holder.  Other  things  being  equal,  length 
of  the  burning  zone  practically  does  not  depend  on  the  dimension  of  a  flame-holder  h 
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Fig.  8.12.  Change  of  nz  in  the 


plane  of  symmetry  between  flame- 
holders  of  various  dimensions. 
Homogeneous  mixture,  a  =  1.4, 
tCM  =  200°C,  wQ  =  70  m/sec,  S  = 

=  40  mm.  •  —  h  =  10  mm,  •  — 
h  =  20  mm,  O  —  h  =  50  mm,  0  — 
h  40  mm. 


of  given  geometric  form  (see  Fig.  8.6  and  8,12). 

Influence  of  Initial  flow  turbulence.  The 
influence  of  intensity  of  turbulence  of  the 
incident  flow  eQ  on  length  of  the  hot  part  of  the 
combustion  chamber  is  different  depending  upon 
the  dimension  of  the  flame -holders  the  greater  the 
dimension  of  the  flame-holder,  the  less  this 
influence  is.  This  means  that  the  process  of 
burning  in  the  wake  after  a  flame-holder  is 
influenced  not  only  by  the  intensity,  but  also 
by  the  scale  of  turbulence.  On  the  whole  we  may 
assume  that  Increase  of  initial  intensity,  as  a 


rule,  leads  to  decrease  of  Lr.  However,  if  eQ  is 


considerably  less  than  the  intensity  of  turbulence  generated  by  the  flame-holder 


itself,  then  it  has  little  effect  on  a  change  of  L  .  However,  if  eQ  is  comparable 


with  the  intensity  of  turbulence  generated  by  the  flame-holders,  then  Lr  decreases 
considerably.  This  is  graphically  illustrated  by  Fig,  8,15,  where  there  are  given 
experimental  curves  of  burn-up  in  the  plane  of  symmetry  between  two  flame-holders  at 
various  intensities  of  turbulence  of  the  Incident  flow,  which  is  generated  by  grids 
fixed  at  a  distance  of  185  mm  In  front  of  the  flame-holders.  The  grids  had  identical 
dimensions  of  their  openings,  but  different  widths  of  their  crosspieces.  Consequi  ntly, 
it  was  possible  to  expect  that  the  scale  of  turbulence  of  the  flow  after  them  would  bo 
approximately  identical,  and  that  the  intensity  of  turbulence  would  be  different. 
Increasing  from  grid  No.  1  to  grid  No.  5-  In  accordance  with  change  of  eQ,  there  was 


changed  the  length  of  the  burning  zone  L  , 
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Fig.  8.13,  Influence  of  Intensity  of  turbulence  of  the 
Incident  flow  e0  on  bum-up  in  the  plane  of  symmetry 


between  the  flame -holders,  Homogeneous  mixture,  a  =  1,3, 
tQ1|  =  400°C,  w  =  70  m/sec,  x  without  a  grid,  •—  grid 

No.  1,0-  grid  No.  2,  A  -  grid  No.  3. 


Influence  of  pressure  in  the  flow.  Decrease  of  pressure  in  the  below  atmospheric 
leads  to  deceleration  of  burning,  and,  as  a  result  of  this,  to  increase  of  total 
length  of  the  burning  zone  in  the  plane  of  symmetry  between  the  flame-holders 

(Fig.  8.14).  Burning  velocity  drops  mainly  due  to 
decrease  of  the  intensity  of  turbulence  because  of 
increase  of  the  viscosity  of  the  flow  with  decrease  of 
pressure.  But,  furthermore,  as  it  was  shown  by 
Khramtsov,  even  at  constant  intensity  of  turbulence  of 
the  flow,  the  decrease  of  pressure  by  itself  leads  to 
a  certain  deceleration  of  burning. 

The  universality  of  turning  curves.  Curves  of 
change  of  combustion  efficiency  of  fuel  versus  dimension- 


of  pressure  in  the  flow 
on  the  length  Lr. 

Homogeneous  gasoline-air 
mixture,  a  =  1.35,  tcu  = 


-  225°C,  wQ  =  90  m/sec, 


less  length  of  the  burning  zone  1  in  the  plane  of 
symmetry  between  flame-holders  are  universal.  At 
different  flow  parameters  of  the  fuel  mixture,  different 


dimensions  and  geometric  forms  of  the  flame-holders,  different  distances  between  them, 

etc. ,  experimental  points  of  the  dependence  n  -  f(l  )  fall  on  one  curve  (Fig.  8.15). 

z  r 

From  the  graph  it  is  clear  that  for  increase  of  from  0.9  to  0.94-0.95,  it  is 
necessary  to  increase  length  of  the  burning  zone  lv  by  about  one  and  a  half  times. 
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Pig.  8.15.  Change  of  tj  in  the  plane  of  symmetry 
between  flame -holders. 
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§  5.  BURNING  AFTER  A  GRID  OF  FLAME- HOLDERS,  LOCATED  IN  THE  SAME 
PLANE  AND  ECHELONED  ALONG  THE  LENGTH  OF  THE  COMBUSTION  CHAMBER 

Above  it  was  indicated  that  during  stable  burning,  the  temperature  of  gases  on 
the  axis  along  the  entire  length  of  the  wake  after  each  flame-holder  remains 
practically  constant.  Strictly  speaking,  this  is  true  during  burning  after  a  single 
flame-holder  in  open  and  half-open  flows,  and  also  during  burning  in  a  pipe  after  a 
grid  of  flame-holders  located  in  the  same  plane,  under  the  condition  that  distances 
between  them  are  sufficiently  large  (not  less  than  40  mm). 

During  burning  after  a  grid  with  a  large  number  of  flame-holders  located  close 
to  one  another,  change  of  hydrodynamic  and  thermal  parameters  in  the  wake  after  each 
flame-holder  becomes  more  complicated.  In  Fig.  8.16  th^re  are  given  curves  of  th'' 


t 


compos  1 1  1 1  in  mill  v  I  ii' •  1 1  y  "l 
i'(i a  uv i  r  c I'lunt  ; ; ■  •  i •  *  l<  us  *  i  . 

I  Jpi  during  1  in i'li  1 1 a '  of  d 
homogeneous  mixture  after  a 
/'rlil  of  fly  riiiim ’-I mile  ra 
fixed  In  the  siuii"  p I. ■■* r i ■  •  in  ;i 
llr.tauce  from  1  ■•icli  oilr  v  of 
h  -  w  mm.  Characteristic  for 
this  case  la  th"  decrease  ol‘ 
content  of  CO,,  (or,  which  lr 
the  same,  of  t  ernperature  of  Mi* 
gases)  along  the  ax  la  of  Ui 
wake  at  a  certain  distune"  from  the  flame-holder.  For  Instance,  over  u  dir, lane  of 
x  =  400  mm  t!i  content  of  ’  ,  on  axe:;  of  Mr  wakes  fell  to  ~7’’  (ns  c  <  'rip.-i  r*  to  1  ' 

In  the  cross  section  x  !  2<>  mm)  and  become  approximately  Identical  wlMi  th*  coni'  rr 
of  C0o  in  tin  piano  of  ay.iirr  try  la  tween  flame-holders.  Thus,  over  th  ■  ■  ni  In  cr".:s 
section  of  the  combustion  chamber,  velocity  profiles  of  the  flow  w<  re  smoothed. 

With  further  Increase  of  the  dlstanci  from  the  stabilisers,  ov-  r  Mr  cut  I  >• 
cross  section  of  the  pipe  then  Is  uniformly  Increased  combustion  "If!  ■]■  ncy  of  Mr 
fuel;  th<  Velocity  pn  fill  of  the  flow  also  remains  uniform.  Such  a  change  of  c 

temperature  . <u  Mi"  u/.i  of  ii.  wake  is  caused  by  Mi  f ae t  that  v.tlh  I  'er of 

distance  b'-lwe>  ri  flame-hold  na  Mr- re  is  Increased  Mi"  Intimity  of  mix. In/'  of  iy  m 
mixtun  with  friatHii:  Lion,  product.-.  Flash  mixture  pen,  t  rates  lnt<  t  In  a.  Mai  ivrlui  of 

the  wake  aft  "r  "ueii  fliune-uol  f  r,  and  combustion  product  a  from  the  axial  r  xi  n 

penetrate  Into  the  plane  of  symmetry  hctwoci.  t h  flajm  -hold  rn.  Ihus.  l •  •  Mr, 

avera/'e  g  as  temperature.;  nr  email:-'  d  over  Mir  <.  nt  1  cross  section  of  Mr  pip  .  i  i 

do  not  reach  th"  theoretical  burning  t-mp'  ratui",  since  n.  cons  Id'  ratio  pari  of  '• 
fuel  s.tiLl  does  not  enter  Into  the  combust  tin  reaction.  At  the  sanr  time,  as  "omi.arl 
son  of  '  xpej'lnr  nt.ul  data  shows,  "Vdi  in  this  ease  tin  extent  of  iy,  l  train,'  ,n  • 

chatif.  f  coini  is  t  Ion  <  f  f  l  •  L  ncy  of  f  i"i  in  tir  plain  of  s.ymnr  try  1  •  t.w  1  f  Lame -ho  I  F  r 
along  t !  r  •  L'  n/Mi,  of  Mv  Luminr  .  "h"  «.  remain  pra  tlcaLly  M,  ■  ssi.irr  as  i  i  r  I  r  i, '  l  asnlti 
after  tw  >  f  bun  -!n -1  I  r  s  ,  d  *.■  r  ",>ud  It  J  uns.  t.  Ins  I  tut  leal. 

i  ins-dynami  j  and  Mi  mat  ,;i  r.i,-1  ire  of  tir  flow  In  M,,  not  part  of  •  u<  •  ■  'e;  t  ust  i  i  ,n 

chambci-  b  ••  mr  .  ..till  not"  , 'em/  Licit,  I  for  •  ir  loin  I  le--|!oii  of  Mi  flam  -noj  I'  rs. , 

when  Mi  y  ■  1 i  ••  t  i  'M  in  I.  rr  |  1  a  ,  t  u '  •  r  1 1 .  p  1  ■  d  r-,  I  a '  j  j  '  , ,  Ii  ■  ,t  lr  < 


f  .f  .  f  •  I  •  LL*  LUf  f  t  »‘*t 


Fig.  8,. to,  Change  of  compos Ition  and  velocity  of 
gas  over  the  length  of  the  pipe  during  burning 
after  a  grid  of  flume -holders  Installed  in  the 
same  plane.  Homogeneous  mixture,  a  --  l.1-,,  tCM 
-  200°C,  w 0  i  0  m/sec. 
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along  the  length  of  the  chamber. 
The  flow  Incident  on  the  flame- 

holders  is  deflected  In  the 

i  ,  r 

direction  of  least  resistance, 
flow  lines  are  distorted,  and 
there  occurs  redistribution  of 
gas  flow  velocities  over  cross 
sections  of  the  combustion 
chamber,  accompanied  by  intense 
mixing  of  fresh  mixture  with 
combustion  products  and  a  sharp 
fall  of  maximum  temperature 
(time  average)  in  the  wake  after 
the  flame-holders  located  further  forward.  Thus,  for  instance,  in  the  flame  after  the 
first  upper  flame-holder,  the  content  of  COg  in  one  of  the  combustion  regimes  fell 
from  ~9#  in  the  recirculation  zone  to  -4.0#  at  a  distance  of  120  mm  from  the  flame- 
holder,  and  only  at  a  distance  of  600  mm  again  increased  to  10#  (Fig.  8.17).  An 
analogous  picture  is  observed  in  wakes  after  other  flame -holders.  Strong  distortion 
of  flow  lines  along  the  length  and  change  of  the  field  of  velocities  over  cross 
sections  of  the  combustion  chamber  is  apparently  accompanied  by  intense  turbulization 
of  the  flow. 

The  above  mentioned  experimental  data  show  how  difficult  it  is  to  calculate  flow 
characteristics  in  the  space  behind  a  flame-holder  ahead  of  time,  and  to  give  an  exact 
analytic  solution  of  the  problem  of  bum-up  along  the  length  and  over  cross  sections 
of  a  full-scale  combustion  chamber  of  straight-flow- through  type. 

With  echeloned  location  of  flame-holders,  the  character  of  bum-up  in  the  inter¬ 
vals  between  them  will  be  different  from  the  case  of  burning  with  location  of  flame- 
holders  in  the  same  plane.  However,  experiments  show  that,  in  spite  of  such  a 
complicated  gas-dynamic  and  thermal  structure  of  the  flow,  on  the  whole,  the  length 
of  the  burning  zone  in  the  plane  of  symmetry  between  two  flame-holders  located  in  an 
echeloned  manner  turns  out  to  be  practically  the  same  as  and  during  burning  between 
two  flame-holders  installed  in  the  same  plane,  if  the  clearance  between  them  and  other 
conditions  remain  identical. 

In  order  that  with  echeloned  location  of  flame-holders,  combustion  of  fuel  to  a 
given  combustion  efficiency  be  finished  in  one  cross  section  of  the  combustion  chamber 


Fig.  8,17,  Composition  of  gas  and  "flow  lines" 
(curves  of  constant  flow  rates)  over  the  length 
of  a  pipe  during  burning  after  a  grid  of  flame- 
holders  located  in  an  echeloned  manner.  Homo¬ 
geneous  mixture,  a  =  1.5,  tCM  *  200°C,  wQ  ■ 

=  60  m/sec . 
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Fig.  8.18.  Bum-up  over  the  length  of  a 
pipe,  a)  for  uniform  distance  between 
flame-holders  S  =  varj  b)  for  nonuniform 
distance  between  flame-holders  S  =  const. 
Homogeneous  mixture,  a  =  1,5,  wQ  =  60  ra/sec, 

t_u  =  200°C.  O—  scheme  No.  1.  #  —  scheme 

No,  2. 


radial  distances  between  flame-holders 
have  to  bo  variable.  In  Fig.  8.1M 
there  are  given  experimental  date 
which  show  change  of  composition  of 
combustion  products  over  the  length 
of  the  combustion  chamber  with 
echeloned  location  of  flame -holders. 

In  the  firet  case,  the  distance 
between  flame-holders  was  identical 
and  was  equal  to  30  mm.  Burn-up  over 
the  length  of  the  combustion  chamber 
was  nonuniform,  and  at  the  end  of 
the  pipe  average  combustion  efficiency 
was  low.  In  the  second  case,  the 
distance  between  flame-holders  was 
variable;  it  was  changed  from  4o  to 
20  mm.  In  this  case  burn-up  over  the 
length  of  the  combustion  chamber  was 
more  uniform,  and  was  finished  in  the 
same  cross  section  and  with  higher 
average  combustion  efficiency  for  the 
same  combustion  chamber  length. 

With  echeloned  location  of  flume- 
holders,  the  radial  distance  between 
them  S  is  chosen  from  simple  geometric 


considerations  in  such  a  manner  that  for  a  given  length  of  the  hot  part  of  the 
combustion  chamber,  and  given  number  and  dimensions  of  flame -holders,  burn-up  in  the 
interval  between  ell  flame-holders  to  the  assigned  combustion  efficiency  is  finished 
in  the  same  section  of  the  combustion  chamber. 


§  6.  CHARACTERISTICS  OF  BURNING  OF  TWO- PHASE  MIXTURES 
IN  A  TURBULENT  FLOW 

In  combustion  chambers  of  straight-flow-through  type,  fuel  is  usually  injected 
in  the  liquid  state  into  a  flow  of  air;  thus  the  process  of  burning  itself  precedes 
the  process  of  carburetion  -  atomisation  of  the  fuel,  motion  of  liquid  droplet  in 
the  flow  and  evaporation  and  mixing  of  the  vapor  with  air.  As  a  result,  a  fuel 
mixture  with  some  relative  concentration  of  liquid-droplet  phase  to  vapor  phase  of  the 
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fuel  approaches  the  flame  front.  The  pro  rest  of  carburetion  also  continues  after 
the  flame  front,  in  the  burning  zone,  where  large  droplets  of  fuel  are  evaporated 
which  were  net  able  to  vaporize  in  the  preparation  zone  of  the  fuel  mixture  —  in  the 
space  between  the  fuel  manifold  and  the  flnmrs  holders. 

The  two-phase  fuel  mixture  is  characte;  lsed  by  the  total  weight  ratio  of  vapor 
phase  to  liquid  phase  of  the  fuel,  the  spectrum  of  coarseness  of  droplets  of  the 
liquid  phase  and  the  distribution  of  concentrations  of  liquid  and  vapor  phases, over 
the  cross  section  of  the  chamber  (see  Chapter  III). 

In  contrast  to  homogeneous  mixtures,  in  two-phase  mixtures  the  local  concentra 
tions  of  fuel  differ  to  a  greater  or  lesser  degree  from  the  average  total  values: 
the  flow  of  fuel  mixture  possesses  macro-and  microheterogeneities  in  the  content  of 
loth  vapor  and  liquid  phases  of  the  fuel.  The  mass  ratio  of  tvapoiatod  fuei  to  liquid 
phase,  the  spectrum  of  coarseness  of  droplets  and  micro-and  macroheterogeneities  of 
concentrations  depend  on  the  type  and  geometric  parameters  of  injectors,  distance 

v. 

between  them  on  the  fuel  mainfold,  feed  pressure  and  direction  of  injection  of  the 
fuel  (along  the  flow,  against  the  flow,  etc.),  distance  from  the  place  of  injection 
physical  constants  of  the  fuel,  pressure,  speed  and  temperature  of  the  air  flow,  etc 

Characteristics  of  a  two-phase  mixture  continuously  change  along  the  length  of 
the  combustion  chamber.  With  increase  ;f  distance  from  the  manifold,  there  is  increased 
the  quantity  of  evaporated  fuel,  and  due  to  turbulent  and  molecular  uiffusion  itB 
concentrations  over  the  cross  section  of  the  pipe  are  equalized.  During  flow  around 
oostables  -  the  precombustion  chamber  and  flame-holders  —  flow  of  fuel  mixture  changes 
direction;  thus  the  droplets  are  not  completely  entrained  in  the  flow,  and  part  of 
them  settle  on  the  surface  of  the  obstacles,  and  as  they  accumulate  are  carried  away 
by  the  flow  into  the  zone  after  the  flame -holder.  A  considerable  part  of  the  fuel 
can  settle  on  the  walls  of  the  chamber.  Further  on,  behavior  of  fuel  which  has 
settled  on  the  solid  surfaces  depends  on  the  temperatures  of  these  surfaces.  On 
heated  surfaces  fuel  to  a  considerable  degree  Is  evaporated;  from  cold  surfaces  it 
flows  off  in  the  form  of  a  sheet,  which  is  broken  up  in  the  flow  of  air  into  droplets 
of  larger  dimension  than  droplets  produced  during  atomization  by  swirl  injectors. 

Nonuniform  distribution  of  total  concentrations  of  fuel  over  the  cross  section 
of  the  combustion  chamber  can  lead  to  overenrichment  of  the  mixture  in  individual 
zones.  In  these  zones,  combi stion  effeciency  of  fuel  decreases  due  to  the  deficiency 
of  oxygen.  This  explains  the  fact  that,  as  a  rule,  the  maximum  combustion  efficiency 
of  the  fuel  in  combustors  of  ramjet  engines  corresponds  not  to  stoichiometric  air-fuel 
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ratio,  but  lies  in  region  of  leaner  mixtures,  corresponding  to  a  *•  1.2  to  1.5. 

The  more  uniformly  the  fuel  spray  nozzles  are  located  over  the  cross  section  of 
the  burning  path,  the  smaller  the  diameters  of  droplets  of  atomized  fuel,  and  the 
greater  the  distance  from  the  fuel  manifold  to  the  flame-holder,  then  the  more  fuel 
if  evaporated  on  approach  to  the  flame  front,  the  more  uniformly  its  concentration 
is  distributed  over  the  cross  section  of  the  combustion  chamber  and  the  more  homo¬ 
geneous  the  fuel  mixture  is.  And,  conversely,  with  location  of  th»  fuel  manifold 
close  to  the  flame -holders,  large  dimentions  of  fuel  droplets  and  low  temperature  of 
air,  a  large  quantity  of  the  fuel  in  the  liquid-droplet  state  will  pass  through  the 
flame  front  and  bum  according  to  laws  which  are  different  from  those  for  burning  of 
a  homogeneous  mixture. 

The  process  of  burning  of  liquid  atomized  fuel  in  a  turbulent  flow  approaches  the 
actual  process  of  burning  of  fuel  in  a  combustion  chamber  to  the  highest  degree. 
However,  this  question  up  to  now  has  been  little  investigated.  Results  of  a  large 
number  of  theoretical  and  experimental  works  on  the  study  of  burning  of  single  droplets 
of  fuel  in  a  motionless  medium  or  at  small  relative  velocities  (falling  droplets)  are 
not  very  applicable  t.o  real  conditions  of  burning  of  two-phase  mixtures  in  a  turbulent 
flow.  Thus,  for  instance,  the  "classical”  diffusion  theory  of  burning  of  a  motionless 
drop  is  based  on  the  assumption  that  the  liquid  drop  is  surrounded  by  a  vapor  shell 
of  uniform  thickness  with  gradients  of  temperature  and  concentration  of  fuel  vapor 
and  atmospheric  oxygen  identical  In  all  radial  directions.  Fuel  instantly  burns  In 
an  infinitely  thin  layer  on  the  spherical  surface,  where  the  concentrations  of  oxygen 
and  fuel  vapor  correspond  to  a  =  1.0. 

It  is  obvious  that  in  a  combustion  chamber  such  a  model  of  burning  of  droplets 

is  not  realized.  Due  to  heat  release,  flow  velocity  over  the  length  of  the  chamber 

o 

increases.  Thus  acceleration  reaches  hundreds  and  even  thousands  of  m/sec  .  With 
such  accelerations,  drops  will  lag  behind  the  flow  and,  depending  upon  their  dimension, 
will  have  larger  or  smaller  blowing  velocities.  Depending  upon  the  magnitude  of 
relative  velocity,  the  vapor  shell  around  the  drop  is  deformed  (stretched  out  along 
the  flow,  blown  off  from  the  drop),  and  under  certain  conditions  the  flame  breaks 
off  from  the  drop. 

Experiments  in  the  study  of  burning  of  drops  of  fuel  with  an  air  1  last  show 
that  flame  breaks  off  from  the  drop  at  blowing  velocity  of  the  order  to  0,'j  to  ‘j.o 
a/8ec .  Its  value  depends  on  dimensions  of  the  drop  and  temperature  of  the  medium: 
with  Increase  of  dimensions  of  the  drop  and  temperature  of  the  ino-iium,  Uht*  1 :: 
Increased  the  flow  velocity  at  which  blowoff  occurs  from  the  burning  drop  (Mr.  :.1hi. 
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Furthermore,  there  has  been  experimentally  established  a  considerable  mutual  influence 
of  burning  drops  on  the  stability  of  their  burning:  a  group  of  drops  bums  more 
stably  than  a  single  drop;  blowoff  from  a  group  of  burning  dropB  occurs  at  higher 
relative  blowing  velocities  than  during  burning  of  a  single  drop  (Fig.  8.20),  This 
is  explained  by  the  fact  that  during  burning  of  a  group  of  drops,  there  occurs  mutual 
transmission  of  heat  to  the  drops  by  means  of  thermal  conduction  and  radiation} 
thereby,  there  are  increased  the  speed  of  their  evaporation,  the  temperature  of  the 
medium  after  the  burning  drops,  and,  consequently,  there  appear  favorable  conditions 
for  stabler  burning  of  each  drop. 


Fig.  8.19.  Blow- 
off  velocity  of 
flame  from  a  drop 
depending  upon 
temperature  of  the 
flow.  Fuel  - 
gasoline;  diameter 
of  drop  dg  =  1.5  to 

1.7  mm. 


depending  upon  diameter  of 
the  drop.  Fuel  -  gasoline; 
temperature  of  medium  tc  = 

=  870°C.  1  -  falling  drops 

in  a  ceramic  pipe;  2  —  sus¬ 
pended  drops  in  an  open 
flow. 


According  to  contemporary  ideas  (see  Chapter  VI),  turbulent  flame  has  a  compli¬ 
cated  structure,  which  is  nonuniform  in  temperature.  At  e.  given  point  of  space  with 
temperature  fixed  on  the  average  with  respect  to  time,  at  different  moments  of  time 
there  actually  penetrate  either  products  of  almost  complete  combustion,  with 
temperature  close  to  the  burning  temperature  at  the  given  value  of  a,  or  fresh  mixture 
with  initial  temperature  tc  . 

Consequently,  during  burning  of  a  two-phase  mixture  in  a  combustion  chamber, 
droplets  of  fuel  will  lag  behind  the  gas  flow,  alternately  be  blown  with  high  relative 
velocity  by  gases  with  different  temperatures,  the  flame  will  be  blown  off  from  them, 
and  evaporation  will  occur  under  essentially  non-steady  conditions.  Vapor  removed 
from  the  fuel  drop,  depending  upon  temperature  of  the  medium  and  concentration  of 
oxygen,  will  be  either  preliminarily  mixed  with  air,  and  then  burn  as  an  approximately 
homogeneous  mixture,  or  Immediately  enter  into  the  burning  reaction  according  to  the 
diffusion  scheme. 
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Fig.  8.21.  Photographs  of  a  flame  In  a 
turbulent  flow  of  fuel  mixture  wQ  - 

■  20.5  m/sec;  exposure  is  1/1250  sec  (ex¬ 
periments  of  Tikhomirov),  a)  homogeneous 
mixture,  z  =  100$,  tQ  =  J05°C,  =  1.1. 

b)  two-phase  mixture,  z-50$,  tQ  =  310°C, 

Oj.  =  2.54,  c)  two-phase  mixture,  z  =  30$, 

tQ  =  200°C,  =  2.38,  d)  two-phase  mixture, 

z  =  10$,  tQ  =  100°c,  a2  =  4.08. 


Thus,  the  total  burning  time  of 
a  two-phase  mixture  is  composed  of 
the  "life  time"  of  the  largest  drops 
(to  their  full  evaporation)  and  the 
burning  time  of  vapor  after  full 
evaporation  of  the  drops.  Reliable 
relationships  for  quantitative 
determination  of  these  times  have 
as  yet  not  been  obtained. 

Above  it  was  indicated  that  the 
question  of  burning  of  two-phase 
mixtures  in  a  flow  has  been  little 
investigated.  There  are  known  only 
a  small  number  of  experimental  works. 
The  authors  of  work  [5]  came  to  the 
conclusion  that  in  a  laminar  flow 
monodisperse  fogs  (with  diameter  of 
drops  <  10  p.)  behave  during  burning 
slb  homogeneous  mixtures;  in  large- 
disperse  fogs  (with  diameter  of 
drops  >  40  u)  during  burning  of 
stationary  or  slowly  moving  mixtures 
the  individual  droplets  burn. 

Tikhomirov  [9],  investigating 
burning  of  two-phase  kerosene  air 
mixtures  in  a  turbulent  flow, 
established  that  at  low  temperatures 
of  the  mixture  and  low  content  of 


evaporated  fuel  in  it,  a  continuous 

flame  front  is  absent,  and  separate  drops  and  clusters  of  drops  of  fuel  burn.  At 
high  temperatures  of  the  mixture  and  high  contents  of  evaporated  fuel,  there  is 
observed  a  continuous  flame  front,  and  also  focuses  of  burning  of  separate  drops  of 
fuel  after  this  front  (Fig.  8.21).  Based  on  these  data  and  certain  calculations,  the 
author  arrives  at  the  following  qualitative  conclusions.  In  two-phase  mixtures,  drops 
can  ignite  due  to  transmission  of  heat  from  burning  drops  or  clusters  of  drops  to  the 
non-bumint  drops.  Thus  it  is  not  necessary  (at  low  content  of  fuel  in  the  vapor 
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phase)  that  in  tin*  space  between  drops  there  be  realized  chemical  reaction.  In  the 
conducted  experiment::,  the  mean  value  of  a  with  respect  to  the  vapor  phase  reach 
values  of  p 0  and  mori  ,  and  with  such  compositions  a  homogeneous  mixture  is  not  at  all 
combustible,  which  indirectly  confirms  the  accuracy  of  the  presented  scheme  of  burning 
of  two-phase  mixtures. 

During  burning  of  homogeneous  mixtures,  the  length  of  the  burning  zone,  other 
things  being  equal.  Increases  with  increase  of  a.  in  the  case  of  burning  of  a  "lean" 

two-phase  mixture,  during  evaporation  of 
drops  there  are  created  macrovolumes  with 
concentrations  of  fuel  vapor  which  are  more 
favorable  for  burning  than  in  a  homogeneous 
mixture  with  the  same  mean  value  of  a. 
Therefore,  the  limits  of  flame  propagation 
with  respect  to  a  for  a  two-phase  mixture 
are  wider  than  for  a  homogeneous  mixture. 

For  the  same  reason,  the  burning  rate  of 
"lean"  two-phase  mixtures  can  be  greater 
than  the  burning  rate  of  a  homogeneous 
mixture,  but  the  length  of  the  burning  zone 
is  accordingly  less.  This  is  confirmed  by 
experimental  data,  which  show  that  in  a 
fixed  section  of  a  turbulent  flame  during 
burning  of  polydisperse  kerosene  air  mixtures 
with  aCp  s  1.4,  the  combustion  efficiency 
of  the  fuel  is  less,  and  at  >  2.0  it  is  larger  than  for  homogeneous  mixtures  of 
the  same  composition  (Fig.  8.22). 

It  is  necessary  to  note  that  for  the  purpose  of  decrease  of  length  of  the 
chamber,  the  process  of  burning  of  fuel  is  organized  in  such  a  way  that  in  the  burning 
zones  the  true  value  of  the  air-fuel  ratio  does  not  exceed  1. 5-1.7.  At  such  values 
a,  the  burning  t  xmo  of  two-phase  mixtures  will  be  longer  than  the  burning  time  of 
homogeneous  mixtures.  It  Is  also  obvious  that  the  greater  the  diameter  of  the  drops 
in  the  atomization  spectrum  of  the  liquid,  the  longer  will  be  the  burning  time  of  the 
two-phase  mixture,  and  the  longer  should  be  the  length  of  the  combustion  chamber  for 
the  given  combustion  efficiency  of  the  fuel. 

In  combustion  chambers  of  ramjet  engines  and  afterburners  of  turbojet  engines. 


fuel  in  fixed  section  of  flame  during 
burning  of  homogeneous  and  two-phase 
mixture  of  gasoline  with  air,  tCM  = 

=  100°c,  Wq  --  60  m/sec.  -  uni¬ 
form  gasoline-air  mixture,  - 

two-phase  kerosene-air  mixture  zCy  = 

=  lj0%.  O0-  a  2.0,  AA  -  a  =  1.0, 

•  a  1  ,J| ,  *x  -  a  =  0.7. 


burning  of  fuel  usually  occurs  at  high  temperatures  of  air;  fu^l  spray  nozzles  of 


centrifugal  type  are  directed  upstream  anu  provide  good  atomization  of  fuel.  Under 
these  conditions,  fuel  mixture  approaches  flame  holders  with  large  content  of  vapor; 
large  drops,  however,  which  do  not  have  time  to  be  evaporated  in  "cold"  part  of 


chamber,  succeed  to  be  evaporated  for  the  most  part  after  the  flame  front.  Therefore, 
process  of  burning  of  such  mixtures  Is  apparently  closer  to  regularities  of  burning 
of  uniform  mixtures.  At  the  same  time,  it  should  be  borne  In  mind  that  in  atomiza¬ 
tion  spectrum  there  are  drops  of  quite  large  dimensions  (to  200  u  and  larger),  and 
part  of  them  can  not  be  evaporated  in  the  whole  extent  of  the  combustion  chamber. 

In  this  case,  for  estimation  of  physical  incompleteness  of  combustion,  it  1b  necessary 
to  calculate  volatility  of  drops  over  the  length  of  the  combustion  chamber.  Method 
of  calculation  Is  discussed  In  Chapter  III. 

§  7.  EXPERIMENTAL  DATA  ON  BURNING  OF  TWO-PHASE  MIXTURES 
AFTER  AN  ARRAY  OF  FLAME-HOLDERS  IN  A  PIPE 

In  combustion  chambers  of  air-breathing  jet  engines,  liquid  fuel  is  usually 
injected  through  a  manifold  of  swirlers. 

In  a  number  of  cases,  along  the  trajectory  of  flight,  fuel  flow  rate  through 
chamber  can  be  changed  by  5-8  times,  which  it  is  impossible  to  attain  by  changing  only 
fuel  feed  pressure.  Therefore,  fuel  manifold  is  frequently  made  to  be  multistage 
(more  frequently  —  two-stage),  and  during  transition  of  fuel  feed  from  two  to  one 
stage,  the  step  between  injectors  is  considerably  increased.  Thus  distribution  of 
concentrations  of  fuel  over  cross  section  of  burning  loop  can  be  impaired,  and  due 
to  appearance  of  local  zones  of  overenrichment  of  mixture  fullness  of  combustion  of 
fuel  decreases.  For  a  more  precise  answer  to  this  question,  there  was  experimentally 
checked  influence  of  feed  pressure  of  fuel  and  change  of  step  (distance)  between 
injectors  on  bum-up  over  the  length  of  the  pipe. 

In  Fig.  8.2J  there  are  given  curves  of  change  of  fullness  of  combustion  of  fuel 
in  plane  of  symmetry  between  two  flame  holders  during  burning  of  two-phase  kerosene 
air  mixtures,  depending  upon  feed  pressure  of  fuel  and  number  (step)  of  injectors  on 
the  manifold.  From  graph  it  is  clear  that  with  decrease  of  feed  pressure  of  fuel,  to 
6  atm  (gage),  length  of  zone  of  burnup  starts  to  Increase  somewhat.  Increase  of 
distance  between  injectors  by  twice  (from  60  to  120  mm)  with  feed  pressure  of  fuel 
constant  in  both  cases  Ap^  =  19  atm  (gage)  practically  did  not  influence  length  of 
burnup  zone.  Obtained  results,  naturally,  have  a  specific  character,  and  are  ncour.'U- 
in  a  limited  range  of  change  of  the  indicated  magnitudes. 
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Fig.  8.23. 


Influence  of  number  of  injectors  (step) 
and  fuel  feed  pressure  on  change  of  t\?  In  plane  of 

symmetry  between  flame  holders.  wQ  =.  75  m/sec,  = 

=  300°C,  tT  =  15°c. 
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Comparison  of  experimental  data  obtained  under  Identical  conditions  shows  that  at 
a  temperature  of  air  at  entrance  to  combustion  chamber  which  is  variable  within  limits 

300-800°c,  speed  of  combustion  and  length  of  burnup  zone 
in  interval  between  flame-holders  differ  from  the  same 
magnitudes  during  burning  of  uniform  mixtures.  If,  how¬ 
ever,  feed  pressure  of  fuel  is  sufficiently  high  (more 
than  10  atm  (gage)),  then,  as  can  be  seen  from  Fig.  8,2b, 
at  identical  values  of  flow  velocity,  temperature  and 
mixture,  ratio,  burnup  curves  in  plane  of  symmetry  be¬ 
tween  flame-holders  during  burning  of  uniform  and  two- 
phase  mixtures  turn  out  to  be  practically  identical. 

This  result  is  not  expected.  Calculations  show 
(see  §  18,  Chapter  II)  that  for  the  parameters  of  flow 
and  geometric  characteristics  of  injectors  shown  in  Fig. 
8.03,  the  fuel  mixture  with  approach  to  flame-holders 
(at  distance  of  200-300  mm  from  the  manifold  downstream) 
has  75-90%  fuel  in  vapor  phase,  but  at  distance  of 


0  100  200  300  400  300  too  WJ- 

Fig.  8.2b.  Burnup  in  plane 
of  symmetry  between  two 
flame-holders  during  burn¬ 
ing  of  homogeneous  and  two- 
phase  mixtures. 
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200-300  111m  after  flame  front,  degree  of  evaporation  j  .•  increased  to  97-98%,  At 
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atmospheric  pressure  in  flow,  average  median  diameter  of  drops  du  =  50-'j0  p  and 
air- full  ratio  a  ■  1,1,  number  of  drops  in  1  cm'5  of  mixture  n  =  13 ,00u-4ooo,  and 
average  distance  between  them  docs  not  exceed  1  mm.  With  such  small  distance  I  rt.w  <  u 
drops  and  high  intensity  of  turbulence  of  flow  fuel  vt.porB  are  well  mixed  with  air, 
and  with  approach  to  flame-holders  form  a  fuel  mixture  close  to  homogeneous.  It  is 
natural  that  in  considered  cases,  burning  of  such  "two-phase"  mixtures  practically 
does  not  differ  from  burning  of  a  technically  uniform  mixture. 

In  case  of  lower  temperatures  of  flow  and  worse  atomization  of  liquid,  fuel 
mixture  will  have  considerable  amount  of  fuel  in  liquid-droplet  phase,  and  necessary 
length  of  hot  part  of  combustion  chamber  will  be  determined  by  time  of  evaporation 
of  drops  plus  time  of  burning  of  vapor  after  full  evaporation  of  drops.  Length  of 
bumup  zone  thus  will  be  larger  than  during  burning  of  uniform  mixtures  with  the  same 
mean  values  of  a. 

At  a  temperature  of  flow  of  air  exceeding  95O-1000°c,  fuel  in  combustion  chamber 
ignites  itself  practically  immediately  after  leaving  injector,  and  burning  occurs 
not  in  flame  front,  as  occurs  at  lower  temperatures,  but  in  all  volumes  where  then1 
are  combustible  concentrations  of  fuel  vapor  and  oxygen.  In  this  case,  it  is  possible 
to  estimate  approximately  the  necessary  minimum  length  of  hot  part  of  combustion 
chamber  according  to  time  of  evaporation  (burning)  of  drops,  assuming  that  fuel 
evaporated  from  bums  instantly. 

§  8.  BURNING  IN  TURBULENT  FLOW  NEAR  WALL  OF  PIPE 

During  investigation  of  working  process  in  combustion  chambers  of  air-breathing 
Jet  engine,  of  practical  interest  is  burning  of  fuel-air  mixture  near  metallic  wall. 
However,  for  systematic  investigations  of  turbulent  burning  at  the  wall  under 
conditions  close  to  those  of  burning  in  chambers  of  a  ramjet  engine  have  been  conducted. 

A  number  of  experimentors  have  expressed  the  assumption  that  burning  at  well  of 
chamber  of  ramjet  engine  is  impaired  as  compared  to  burning  in  flow  core,  and  total 
decrease  of  fullness  of  combustion  of  fuel  to  a  considerable  degree  is  a  result,  of 
low  combustion  efficiency  layers  of  flow  near  the  wall.  Such  assumptions  are  mainly 
based  on  the  following  considerations.  First,  it  is  assumed  that  due  to  intense  heat 
exchange,  temperature  in  zone  of  burning  in  layer  near  wall  can  sharply  drop,  and, 
as  a  result  of  this,  effective  rate  of  combustion  in  this  layer  is  decreased.  Secondly, 
directly  at  the  wall  intensity  of  turbulence  drops,  and  this  also  should  lead  to 
decrease  of  effective  burning  rate  in  layer  near  the  wall. 

These  assumptions  to  some  degree  find  experimental  confirmation.  In  a  number  of 
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cases,  measurements  of  tempera. uro  and  chemical  composition  of  combustion  products 
in  various  sections  of  chamber  show  that  in  layers  at  the  wall  temperature  of  gases 
and  fullness  of  combustion  of  fuel  are  lower  than  in  flow  core.  Compositive  test 

of  certain  models  of  combustion  chambers  of  ramjet  engine  during  cooling  of  walls  by 

water  and  air  showed  that,  other  things  being  equal,  mean  values  of  combustion 

efficiencies  of  fuel  in  first  case  were  10-12'/)  lower  than  during  cooling  of  walls  of 

chamber  by  air. 

However,  in  most  cases,  lower  values  of  temperature  of  gases  and  fullness  of 
combustion  of  fuel  in  layers  at  the  wall  can  be  explained  not  by  impairment  of 
combustion  itself  at  the  wall,  but  by  other  causes  -  loss  of  heat  from  gas  flow  to 
cooling  water,  nonuniform  distribution  of  concentrations  of  fuel  over  cross  section 
of  combustion  chamber  with  impoverishment  of  mixture  at  the  wall,  etc.  Lower  com¬ 
bustion  efficiency  of  fuel  at  the  wall  as  compared  to  its  value  in  the  flow  core  may 
also  be  a  result  of  incorrect  (nonuniform)  location  of  flame-holders  in  combustion 
chamber:  if  distance  between  wall  and  the  nearest  flame-holder  to  it  is  considerably 
larger  than  half  of  distance  between  adjacent  flame-holders,  burnup  at  the  wall  will 
be  finished  later  (at  larger  distance  from  flame-holders)  than  in  the  Interval 
between  flame-holders.  Conversely,  by  decreasing  distance  between  flame-holder 
and  wall  and  increasing  it  between  neighboring  flame-holders,  we  obviously  can 
obtain  in  fixed  section  of  combustion  chamber  high  combustion  efficiency  at  the  wrII 
and  low  efficiency  in  interval  between  flame-holders.  For  the  purpose  of  more 
detailed  clarification  of  this  question,  there  was  conducted  experimental  investigation 
of  burning  of  uniform  fuel-air  mixtures  near  a  metallic  wall. 

In  Fig.  8,25  there  are  given  diagrams  of  experiment  and  curves  of  change  of 
chemical  composition  of  gases  (COg)  over  length  of  flame  in  layer  at  the  wall. 

Burning  of  uniform  kerosene-air  mixture  occurred  after  flame-holder  in  an  open  flow, 
bounded  above  by  a  metallic  wall  made  of  steel.  In  one  case  the  wall  on  the  outside 
was  heat-insulated  by  a  layer  of  asbestos,  and  temperature  of  surface  along  the  length 
changed  from  temperature  of  fresh  mixture  at  root  of  flame  to  1000-1 200°C  at  the  end; 
in  the  other  case,  being  cooled  by  running  water,  temperature  of  its  surface  did  not 
exceed  60-80°C,  As  seen  from  Fig.  8.25,  under  the  same  conditions  of  burning,  in 
both  cases  chemical  composition  of  combustion  products,  and  consequently  also  combus¬ 
tion  efficiency  of  fuel  in  corresponding  sections  of  torch  were  practically  identical. 
Consequently,  even  much  different  losses  of  heat  from  gases  into  wall  did  not 
noticeably  influence  burning  in  the  layer  of  homogeneous  mixture  at  the  wall. 
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In  Fig.  8,26  there  arc  given 


experimental  data  on  chemical 
composition  ol'  combustion  products 
in  various  sections  of  chamber 
during  burning  of  uniform 
mixtures  after  an  array  of  fiame- 
holders  in  a  rectangular  pipe, 

'7  CO  % 

walls  of  which  were  cooled  with 
water.  Flame-holders  were 
established  in  one  section  of 
the  pipe.  Distance  between  wall 
and  edge  of  the  nearest  flame- 

Fig.  8.25.  Change  of  composition  of  combustion  .  ,  .  .  ,  ,, 

products  during  burning  of  uniform  mixture  at  holder  to  *t  was  two  times  less 

cooled  and  heat-insulated  walls.  wn  =  7°  m/sec,  ...  .  . 

0  O  '  than  distance  between  edges  of 

a  =  1.06,  t...  =  200  C.  1  —  heat-insulated  or 

wM 

water-cooled  wall.  2  -  temperature  of  heat-  adjacent  flame-holders.  Burnupo 

insulated  wall.  •  —  heat-insulated  wall,  O— 

water-cooled  wall.  directly  at  wall  and  in  plane  o! 

symmetry  between  flame-holders 
in  this  case  were  also  practically 
identical. 

Given  experimental  data  show  that  in  the  combustion  chamber,  wall  practically 
does  not  render  any  essential  influence  on  combustion  efficiency  of  uniform  mixtures. 


Fig.  8.25.  Change  of  composition  of  combustion 
products  during  burning  of  uniform  mixture  at 
cooled  and  heat-insulated  walls.  wQ  =  7°  m/sec, 

a  =  1.06,  t...  =  200°C.  1  —  heat-insulated  or 

CM 

water-cooled  wall.  2  -  temperature  of  heat- 
insulated  wall.  •  —  heat-insulated  wall,  O  — 
water-cooled  wall. 
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Fig.  8,26.  Change  of  composition  of 
combustion  products  at  the  wall  and  in 
the  interval  between  flame-holders 
during  burning  in  a  pipe.  Uniform 
mixture;  wQ  =  JO  m/sec,  a  =  1.585, 

tPU  --  300°C. 


In  combustion  chambers,  burning  occurs 
either  at  the  walls  of  heat  jackets 
(during  air  cooling  of  walls  of  combus¬ 
tion  chamber),  or  at  the  strongly  heated, 
uncooled  (covered  with  heat-protecting 
insulation)  wall  of  a  short-term  working 
motor.  At  high  temperatures  of  flow,  as 
was  shown  above,  fuel  mixture  approaches 
flame  front  with  almost  completely 
evaporated  fuel.  Therefore,  it  is 
possible  to  assume  that  influence  of 


wall  also  will  practically  not  noticeably  affect  combustion  efficiency  of  usual  two- 
phase  fuel  mixtures. 

During  low  temperatures  of  flow  of  air,  when  large  quantity  of  fuel  will  be  in 
liquid-droplet  state,  drops  of  fuel  can  settle  on  cold  surface  of  wall  and  flow  in 
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the  form  of  a  liquid  sheet,  which  will  not  have  time  to^)e  evaporated  during  its 
time  of  stay  in  the  chamber.  This  can  lead,  on  the  one  hand,  to  impairment  of 
stability  of  burning  (appearance  of  vibration,  pulsational  burning),  and  on  the  other 
hand,  to  lowering  of  overall  combustion  efficiency  due  to  incomplete  burning  caused 
by  removal  of  liquid  fuel. 

§  9.  GENERALIZATION  OP  EXPERIMENTAL  DATA  ON  INVESTIGATION  OF  BURNING 
IN  THE  WAKE  AFTER  BLUFF  BODIES 

The  above  experimental  data  show  that  burning  rate  of  a  uniform  mixture  in  the 
wake  after  flame-holders  depends  on  physicochemical  and  gas-dynamic  characteristics 
of  the  mixture:  air-fuel  ratio  a,  temperature  t,  pressure  p,  speed  w  and  intensity 
of  turbulence  of  flow  e,  and  also  on  geometric  parameters  of  combustion  chamber: 
dimensions  h,  geometric  form  <J>  and  distance  between  flame-holders  S,  coordinates  of 
considered  point  x,  y,  z. 

Burning  rate  Uj,  on  the  basis  of  thermal  theory,  should  in  principle  depend  also 
on  kind  of  fuel,  its  calorific  value  Hy,  time  of  induction  activation  energy  E, 

reaction  rate  constant  k,  coefficient  of  molecular  diffusion  and  other  quantities 
determining  kinetics  of  chemical  reaction  of  process  of  burning.  However,  for 
hydrocarbon  fuels  of  the  type  of  gasoline  —  kerosene,  which  are  usually  applied  in 
combustion  chambers  of  air-breathing  jet  engines,  quantities  determining  kinetics  of 
process  of  burning  turn  out  to  be  approximately  identical;  moreover,  experience  shows 
that  the  role  of  chemical  kinetics  in  process  of  burning  in  a  turbulent  flow  is 
small  as  compared  to  influence  of  physical  factors  (in  the  first  place,  mixing 
processes)  and  in  the  first  approximation  it  is  possible  to  disregard  it. 

Thus,  for  a  given  fuel  it  is  possible  to  write 

/,  p,  w,  •,  k,  ♦,  S,  X,  y,  z).  (8.1 ) 

It  is  easy  to  note  that  part  of  these  parameters  characterize  intensity  of 
turbulence  of  flow  of  fuel  mixture  in  the  space  after  the  flame-holders,  which 
depends  on  eQ,  p,  h,  <!>,  S  and  changes  along  the  length  and  over  cross  sections  of 
the  combustion  chamber: 

a  ■  •(«*,  k,  ♦,  5,  x,  y,  r),  (8.2) 

where  tQ  -  intensity  of  turbulence  of  flow  of  fuel  mixture  before  flame-holders  (in 
incident  flow). 

Other  parameters  determine  normal  (fundamental)  speed  of  propagation  of  flame  in 
laminar  flow 

■ p).  (8.J) 
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4^  Fundamental  experimental  results  were  obtained  in  work  of  Kokushkin  [6),  who, 
by  using  low- inertia  methods  of  measurement  of  temperature  in  flame,  showed  that  at 
flow  velocities  up  to  100  m/sec  and  intensity  of  turbulence  e  =  6-7/'  in  a  turbulent 
flame  jet  of  uniform  fuel  mixture,  separate  volumes  of  gas  chiefly  have  temperatures 
close  to  adiabatic  temperature  of  burning  Tr,  or  temperature  equal  to  temperature  of 
the  initial,  cold  mixture  Tou.  Temperature  changes  from  TQU  to  Tp  over  a  depth  not 
exceeding  1-2  mm,  l.e.,  comparable  with  width  of  laminar  flame  front.  In  this  layer 
most  of  the  fuel  burns.  Thereby,  there  were  experimentally  confirmed  the  basic 
physical  ideas  expressed  by  Shchelkin  [7]  and  Damkohler  [8]  about  the  fact  that  in 
a  turbulent  flame  burning  occurs  chiefly  in  a  thin  flame  front  by  a  mechanism  close 
to  that  of  burning  in  a  laminar  flow,  speed  of  which  is  determined  by  the  magnitude 
Ujj,  and  mass  rate  of  burning  is  increased  in  comparison  with  burning  in  a  laminar 
flow  mainly  due  to  increase  of  the  burning  surface  caused  by  turbulent  pulsations  of 
velocity. 

Thus,  it  is  possible  to  consider  that  in  the  first  rough  approximation  for  fuel 
of  given  kind,  burning  speed 


«.  w) 

(8.*) 

«T  «'). 

(8.5) 

where  u'  =  e*w  —  normal  component  of  pulsational  velocity  flow. 

According  to  the  ir-theorem  of  the  theory  of  similarity,  from  three  physical 
quantities  of  Identical  dimension,  which  determine  the  flow  of  the  considered  process 
of  burning,  it  is  possible  to  compose  two  simplexes  i^/Ujj  and  u'/uH,  and  by  experi¬ 
mental  data  find  a  functional  relation  between  them: 

<H'6) 

Experimental  magnitude  i^,  by  analogy  with  i^,  can  be  determined  by  using  the 
known  principle  of  Michelson: 

a,— V'tins,  (8.7) 

where  w  —  flow  velocity  of  fuel  mixture  before  flame  front; 

a  —  angle  between  velocity  vector  of  flow  w  and  a  certain  burning  surface. 

As  is  known,  Michelson1 s  principle  will  apply  to  burning  of  gas  mixtures  in  a 
laminar  flow,  when  thickness  of  flame  front  can  be  disregarded  and  relationship 
(8.7)  in  physical  meaning  expresses  the  volume  rate  of  burning  of  the  r'xture.  The 
time  average  width  of  burning  zone  in  turbulent  flame  attains  tens  and  hundreds  of 


millimeters;  therefore,  during  use  of  the  principle  of  Michelson  for  determination  v 
of  UT,  it  is  necessary  to  take  angle  a  not  according  to  the  visible,  time  average 
boundary  of  the  flame,  but  between  w  and  the  surface  passing  through  points 

,  i 

corresponding  to  r\z  -  0.5  in  every  cross  section  of  the  flame  (detailed  proof  is 
seen  in  Chapter  V). 


During  burning  after  a  grid  or  a  single  flame-holder,  magnitude  u*  is  changed 

vr- 

along  length  and  over  cross  sections  of  pipe,  since  intensity  of  turbulence  of  flow 


continuously  changes  (see  Fig.  8.1).  To 


Fig.  8.27.  Diagram  and  time-averaged 
parameters  of  a  flame  in  the  wake  after 

two  flame-holders.  1  —  change  of  tj  in 

z 


plane  of  symmetry  between  flame -holders, 
2  -  averaged  burning  surface,  3  - 
visually  observed  boundaries  of  flame, 

4  -  change  of  n  over  cross  section  of 

Z 

flame. 


where  w  —  average  flow  velocity  over  the 
speed  due  to  heat  emission); 


determine  true  value  of  uT  at  eveVy  point  of 
chamber  is  practically  impossible; 
therefore,  it  is  expedient  to  consider 

r  i’ 

some  average  value  of  uT  over  the 
whole  length  of  the  burning  zone.  This 
magnitude  is  calculated  in  the  following 
manner.  Ab  the  average  burning  surface 
is  taken  the  surface  lying  on  a 
straight  line  drawn  from  edge  of  flame- 
holder  to  point  in  plane  of  symmetry 
between  flame-holders,  where  time 
average  combustion  efficiency  of  fuel 
-  0.9  (Fig.  8.27).  Then,  using 
Michelson' s  principle,  we  will  obtain 

(8.8) 

length  Lp  (taking  into  account  change  of 


S  —  distance  between  adjacent  edges  of  flame-holders; 


Lp  —  length  of  section  of  burning  from  edge  of  flame-holder  to  point  in  plane 
of  symmetry  between  flame -holders,  where  combustion  efficiency  of  fuel  1e 
increased  to  n  =  0.90, 

In  Fig.  8.28  there  is  given  a  graph  of  the  dependence  u,j/uH  =  f(u'/uH).  During 
construction  of  this  graph  there  were  used  known  values  of  uH  (see  §  2,  Chapter  V) 
and  mean  values  of  intensity  of  turbulence  of  flow  along  averaged  burning  surface. 

In  a  wide  range  of  change  of  flow  velocity,  temperature  and  mixture  rat'o,  and 
dimensions  and  geometric  form  of  flame-holders,  at  various  distances  between  them, 
experimental  points  fit  satisfactorily  on  one  curve.  This  indicates  the  fact  that 
burning  speed  of  a  homogeneous  mixture  in  the  wake  after  bluff  bodies  depends  basi¬ 
cally  on  normal  velocity  of  propagation  of  flame  uH  and  intensity  of  turbulence  of 


flow  in  burning  zone  e:  the  higher  the 


M 

Fig.  8.28.  The  dependence  —  = 

H 

11  I 

-  f  — -  during  burning  of  homo- 
UH 

geneous  mixture  In  the  wake  after 
flame-holders. 


No*  or 
po  alt  Ion 

■/mi 

• 

Sahaan 

1  1 

I 

i 

J 

m 

II 
n 

it 

M 

m 

l 

IK 

41 

jg 

I 

SM 

IM 

IM 

Ml 

140 

1.4 

Ml 

IM 

is! 

ir 

1.4 

M 

1.4 

1.4 

T»o  flaaa-holdari 
ir  V-ahaead  fona, 

*-44  aaa;  1-4#  mi 
f-W 

m 

n 

IM 

1.4 

Tw  flaMa-holdara 

*—44  mi  1—30  mi 
HO* 

17 

M 

m 

M 

Two  cylinder* 

/•40  m 

If 

N 

IM 

1.4 

Two  plataa  *—40  aaa 

If 

N 

Ml 

IM 

WO 

WO 

144 

1.41 

Four  flaaa-holdara 

*-40  1-40  u: 

HI’ 

level  e  and  the  larger  the  magnitude  u. 
the  higher  the  burning  rate  uT  and  the  less 
the  necessary  length  of  the  combustion 
chamber  will  be. 

However,  the  great  influence  of  u„ 
on  burning  rate  in  a  turbulent  flow  appears 
only  at  relatively  low  intensity  of 
turbulence  of  flow  (at  e  «=  *1  to  5$).  During 
burning  in  the  wake  after  bluff  bodies 
under  the  conditions  of  a  straight-through- 
flow  combustion  chamber,  burning  speed  ut 
depends  mainly  on  pulsational  component 
of  flow  velocity  u',  i.e.,  on  intensity  of 
turbulence  ¥.  Average  level  of  intensity 
of  turbulence  along  averaged  burning  surface 
(see  Fig.  8.27)  little  depends  on  geometric 
form  of  bluff  body,  and  practically  does 
not  depend  on  dimension  of  flame-holders  h 
(in  investigated  range  of  change,  h  - 
=  10-40  mm),  but  very  strongly  depends  on 
distance  to  the  flame-holders:  at  distance 
l  =  200  mm  downstream,  e  =  18-20$,  aru!  at 
distance  l  =  700-800  mm  e  decreases  to 
8-9$.  Consequently,  the  shorter  the 
distance  between  flame-holders  S,  the  less 
will  be  the  length  Lp  and  the  higher  will 
be  the  burning  speed  uT . 
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COOLING  OF  WALLS  OF  THE  COMBUSTION  CHAMBER  AND  THE  NOZZLE 

§  1.  DIFFERENT  METHODS  OF  AIR  COOLING  OF  A  RAMJET  ENGINE 

Due  to  high  temperatures  of  combustion  products  in  ramjet  engines  and  high 
stagnation  temperatures  of  the  incident  flow  at  supersonic  speeds  of  flight,  the 
problem  of  cooling  and  heat  protection  of  engines  is  one  of  the  basic  problems  of 
Jet  engineering.  Combustion  chambers  and  nozzle  prepared  from  usual  heat-resistant 
materials  need  intense  cooling  at  present-day  speeds  of  flight.  The  design  of  a 
ramjet  engine,  its  characteristics  and  performance  considerably  depend  on  the 
simplicity,  reliability  and  economy  of  the  cooling  system.  The  selected  cooling 
system  should  ensure  reliable  operation  of  the  engine  with  minimum  cooling  losses 
of  specific  impulse. 

The  necessary  high- temperature  strength  and  thermal  stability  of  the  structure 
of  a  ramjet  engine  can  be  obtained  either  by  means  of  cooling,  or  by  means  of  use 
of  special  heat-resistant  materials  and  heat-shielding  coatings.  For  engines  with 

Cl 

maximum  economy,  designed  for  comparatively  prolonged  operation,  depending  upon  the 
speed  of  flight  there  can  be  used  air  or  liquid  methods  of  cooling.  For  engines  with 
maximum  thrust,  designed  for  short-term  operation,  for  protection  of  the  chamber 
and  nozzle  from  the  action  of  the  high  temperatures  of  the  combustion  products  it  is 
expedient,  apparently,  to  use  special  heat-shielding  coatings  and  platings. 

For  increase  of  thermal  stability,  in  the  contemporary  state  of  the  technology 
of  heat-resistant  materials  it  is  most  expedient  to  use  cooling  in  combustion  with 
the  new  structural  materials. 

Of  possible  methods  of  cooling  of  a  ramjet  engine,  the  simplest  is  air  cooling, 
which  does  not  require  a  supply  of  special  coolant  and  does  not  limit,  thereby  the 


duration  of  flight.  Therefore  main  attention  has  been  turned  to  development  of 
methods  of  calculation  and  investigation  of  different  schemes  of  air  cooling,  taking 
into  account  data  concerning  certain  new  structural  materials.  There  exist  four 
basic  methods  of  air  cooling  of  the  combustion  chamber  and  nozzle  of  a  /amjet  engine: 

1.  External  cooling,  when  the  wall  of  the  engine  is  cooled  by  the  external 
incident  flow  without  application  of  special  cooling  devices. 

2.  Convection  cooling 
(Fig.  9.1a),  when  air  coolant 
passes  from  the  diffuser  into  a 
special  annular  opening  formed  by 
the  wall  of  the  engine  and  a 
special  housing. 

3.  Boundary  cooling  (Fig. 

Fig.  9.1.  Different  schemes  of  air  cooling  of  9.ib),  when  air  coolant  passes 
a  ramjet  engine.  from  the”  diffuser  through  a 

special  annular  slot  onto  the  inner  wall  of  the  combustion  chamber  and  the  nozzle. 

4.  Combined  cooling  (Fig.  9.1c),  when  the  air  coolant  passes  through  several 
echeloned  annular  openings.  Combined  cooling  includes  elements  of  convection  and 
boundary  cooling. 

If  the  stagnation  temperature  of  the  incident  flow  approaches  maximum  permissible 
temperature  for  the  selected  structural  material,  then  air  cooling  of  a  ramjet  engine 
can  be  carried  out  with  perliminary  injection  of  liquid  into  the  cooling  flow. 

Liquid  cooling  presents  practically  unlimited  possibilities  from  the  point  of 
view  of  heat  withdrawal  from  the  construction.  It  is  possible  to  present  two  basic 
methods  of  liquid  cooling; 

1.  Film  cooling  (Fig.  9.2a),  when  liquid  coolant  passes  through  a  series  of 

annular  slots  to  the  inner  wall  of  the  combustion  chamber  and  nozzle. 

2.  Transpiration  cooling 

(Fig.  9.2b),  when  the  combustion 

chamber  and  nozzle  (or  separate 

elements  of  them)  are  made  of 

porous  material,  and  liquid  coolant 

Fig.  9.2.  Different  schemes  of  liquid  cooling  i6  forced  through  the  porous  wall 
of  a  ramjet  engine.  * 

onto  the  inner  surface  of  the 
combustion  chamber  and  nozzle. 


The  problems  of  air  cooling  of  a  maximum-economy  engine  and  of  a  maximum- thrust 
engine  are  formulated  and  solved  differently.  A  maximum-economy  engine  works  at  an 
air-fuel  ratio  considerably  larger  than  unity,  so  that  a  considerable  part  of  the 
flow  rate  of  air  through  the  engine  (up  to  40  to  50$)  does  not  participate  in  burning, 
and  can  be  used  for  cooling.  In  this  case  the  problem  is  not  only  organization  of 
reliable  cooling,  but  also  creation  of  good  mixing  of  hot  and  cold  flows  In  such  a 
manner  that  losses  in  thrust  and  specific  impulse  caused  by  cooling  and  mixing  are 
minimum.  A  maximum-thrust  engine  works  at  a  =  1.0,  so  that  in  the  process  of  burning 
there  participates  practically  the  whole  flow  rate  of  air  through  the  engine.  In 
this  case,  the  flow  rate  of  air  used  in  cooling  should  be  minimum.  It  is  important 
to  organize  reliable  cooling  with  minimum  flow  rate  of  air  coolant,  and  to  create  good 
mixing  of  hot  and  cold  flows,  so  that  losses  in  thrust  caused  by  cooling  and  mixing 
will  be  minimum. 

The  least  flow  rate  of  air  coolant  is  obtained  in  that  case  when  temperature  of 
the  wall  of  the  engine  preserves  a  constant  value,  equal  to  the  maximum  permissible 
temperature  for  the  given  material.  Then  it  is  possible  to  show  that  the  cooling 
channel  should  be  convergent.  Consequently,  in  engines  working  in  the  regine  of 
maximum  thrust,  the  height  of  the  cooling  channel  should  decrease  along  the  engine. 

The  simplest  from  the  structural  point  of  view  are  cooling  channels  of  constant 
height.  In  this  case  the  temperature  of  the  wall  along  the  engine  changes,  attaining 
maximum  value  either  in  the  throat,  or  at  the  exit  of  the  nozzle.  Cvercooling  of 
walls  of  the  engine  when  the  height  of  the  channel  is  constant  leads  to  additional 
expenditures  of  air  In  cooling  as  compared  to  the  case  when  Tw  =  const.  In  the 
maximum-economy  engine,  flow  rate  of  air  coolant  does  not  restrict  the  cooling 
system;  therefore,  there  can  be  used  cooling  channels  with  constant  height. 

In  this  work  there  is  proposed  a  method  of  calculation  of  different  schemes  of 
air  cooling.  Calculation  of  air  cooling  of  a  ramjet  engine  for  given  conditions  of 
its  operation  consists  of  determination  of  dimensions  of  the  channel  and  necessary 
flow  rates  of  air  coolant,  at  which  there  is  ensured  satisfactory  heat  resistance 
of  the  structure,  determined  by  maximum  temperature  of  the  engine  wall.  Along  with 
calculation  of  the  cooling  system,  there  have  to  be  determined  losses  of  thrust  and 
specific  impulse  caused  by  cooling  of  the  motor.  If  dimensions  of  the  cooling 
channel  have  already  been  selected,  for  instance  from  structural  considerations, 
then  there  is  performed  a  control  calculation  of  the  cooling  system,  as  a  result  of 
which  there  is  determined  the  flow  rate  of  air  coolant  and  temperature  of  the  wall 
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of  the  motor. 

Conditions  of  heat  exchange  in  the  combustion  chamber  and  nozzle  are  essentially 
different;  therefore,  in  certain  cases,  cooling  of  these  elements  is  considered 
separately.  The  presence  of  bluff  bodies  (precombustion  chamber,  flame  holders, 
manifold),  increased  turbulence  of  the  incident  flow  and  heat  emission  (burning) 
complicate  the  process  of  heat  exchange  in  the  motor  so  much  that  up  to  now  there  are 
lacking  sufficiently  reliable  data  on  heat  flux  from  the  hot  flow  to  the  wall. 
Therefore,  for  calculation  of  the  coefficient  of  convection  heat  transfer  from  the 
gas  to  the  wall  of  the  combustion  chamber  of  the  motor,  there  are  usually  applied 
criterial  formulas  (9*8)  and  (9.9).  We  should  consider  that  due  to  nonumiformlty 
of  temperature  fields,  calculated  heat  flows  from  gas  t<J  wall  can  differ  from  the 
true  heat  flows. 


§  2.  BASIC  INFORMATION  FROM  HEAT  EXCHANGE 

Theoretical  investigation  of  heat  transfer  under  turbulent  conditions  of  flow 

runs  into  considerable  difficulties,  which  are  connected  with  the  absence  of  a 

closed  system  of  differential  equations  [2],  Therefore,  along  with  the  use  of  the 

analogy  of  Reynolds  and  Prandtl,  experimental  investigation  and  processing  of 

experimental  data  in  criterial  form  is  one  of  the  basic  trends  in  the  investigation 

of  heat  exchange  for  turbulent  conditions  of  flow.  For  a  compressible  liquid  (M  /  0) 

T 

with  large  temperature  gradients  between  the  flow  and  the  body  (T  =  J-  /  1),  the 

^e 

criterial  formula  has  quite  complicated  form: 

No -/(Re,  Pr.-J-.  M.  r.).  (9.1) 

Here  Tw  =  Tw/Tg  denotes  the  temperature  factor,  which  is  equal  to  the  ratio  of  the 

wall  temperature  to  equilibrium  temperature. 

On  the  basis  of  experimental  investigation  of  local  and  average  coefficients  of 

heat  transfer  in  pipes,  it  has  been  established  that  the  local  value  of  the  Nusselt 

-0  1 

number  Nu  changes  approximately  as  x  *  [1]: 


The  form  of  the  criterial  formulas  essentially  depends  on  selection  of  the 
determining  temperature,  i.e.,  that  temperature  at  which  physical  parameters  of  the 
liquid  contained  in  the  numbers  Re  and  Pr  (Reynolds  and  Prandtl)  are  taken.  As  the 
determining  temperature  there  is  chosen  either  the  thermodynamic  temperature  on  the 
boundary  of  the  thermal  boundary  layer  (TQ),  the  temperature  of  the  wall  (Tw),  or 
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the  temperature  of  the  boundary  layer,  which  is  conditionally  equal  to  (T0  +  Tw)/tJ. 

In  many  cases  the  expediency  of  selection  of  the  determining  temperature  depends 
on  the  formulation  of  tne  heat  engineering  problem.  If,  for  instance,  the  wall 
temperature  is  specified  (from  considerations  of  strength),  then  It  is  necessary  U 
take  as  the  determining  temperature  Tw>  If  the  temperature  of  the  flow  is  known 
(for  instance,  during  calculation  of  cooling),  then  it  is  expedient  to  choose  as  the 
determining  temperature  TQ.  Eckert  showed  that  there  can  be  found  a  determining 
temperature  T#  such  that  when  physical  parameters  are  refined  to  this  temperature, 
the  influence  of  Mach  number  on  coefficient  of  friction  disappears,  and  for  calculation 
of  cf  there  can  formally  be  used  the  formulas  of  an  incompressible  fluid.  For 
instance,  under  turbulent  conditions  of  flow,  such  a  temperature  is  determined  by 
formula  [5], 

r*-r,+o,5(r.-fy+o^(r,-r,).  (9.3) 

where  TQ  -  thermodynamic  temperature  on  the  boundary  of  the  boundary  layer; 

Tw  -  wall  temperature; 

Tg  -  equilibrium  temperature,  i.e.,  temperature  of  the  thermally  insulated  wall. 

Equilibrium  temperature  is  determined  by  the  known  formula 

(y.*) 

where  k  -  adiabatic  exponent; 

M  -  Mach  number  on  the  boundary  of  the  boundary  layer; 

r  -  coefficient  of  restitution,  which  depends  on  the  flow  regime  (laminar  or 
turbulent),  Prandtl  number  Pr  (see  below)  and  Reynolds  number  Re.  During 
turbulent  flow  around  a  flat  plate  with  sufficiently  large  Reynolds  numbers 

(Re^  >  10^),  the  recovery  factor  has  the  value  r  0.9. 

Thus,  calculation  of  local  or  average  coefficient  of  friction  on  a  flat  plate 
surrounded  by  a  turbulent  flow  of  compressible  fluid  in  the  presence  of  heat  exchange, 
can  be  carried  out  according  to  the  formulas  for  an  incompressible  fluid  under  the 
condition  that  density  and  viscosity  u,  which  are  included  in  the  corresponding 
Reynolds  number,  are  determined  at  the  characteristic  temperature  T*  [see  formula 
(9.3)].  The  result  of  calculation  of  the  coefficient  of  friction  in  dependence  upon 
Mach  number  by  the  method  of  Eckert  is  represented  in  Fig.  9.3  by  the  solid  curve  [31. 
For  calculation  of  the  coefficient  of  friction  on  a  flat  plate  for  a  turbulent  flow 
regime  without  heat  exchange  (TM/Te  =1),  it  is  possible  to  use  the  approximate  formula 
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which  agrees  satisfactorily  with  the  dependence  of 
Eckert  and  approximates  the  experimental  points  well 
(dotted  curve  in  Fig.  9.5  at  k  =  1.4  and  r  =  0.9). 

If  we  take  as  the  determining  temperature  the 
temperature  T*  [see  formula  (9.5) ]«  then  the 
coefficient  of  heat  transfer  during  turbulent  flow 
of  compressible  fluid  around  a  flat  plate  can  be 
calculated  just  as  for  an  incompressible  fluid  [J], 
Thus,  for  instance,  for  the  local  Nusselt  number 

Fig.  9.5.  Dependence  of 

coefficient  of  friction  on  a  we  have 

flat  plate  in  the  turbulent 

flow  regime  on  Mach  number.  t.  .  , . 

A  —  according  to  data  of  Nil  — 0.029>Re  . 

Wilson,  O  —  according  to  data 

of  Chapman  and  Kester;  -  For  the  mean  value  of  Nu  on  a  plate  of  length  L, 

according  to  the  formula  of 

Eckert,  —  according  to  talcing  into  account  Prandtl  number  Pr,  we  will  obtain 

formula  (9.5). 

Nu  -  0,036- Re*J  -Pr'*.  (9.7) 

For  comparatively  small  temperature  gradients  (Tw/Tq  1.0)  and  large  change  of 
Prandtl  number  (0.6  *  Pr  s  100),  the  mean  value  of  Nusselt  number  Nu  for  pipes  (in 
the  turbulent  flow  regine )  is  satisfactorily  approximated  by  the  empirical  dependence 

m 

-  -M  -M 

Nu-0.Q23.Pr  Re  .  (9.8) 


where  physical  parameters  of  the  liquid  are  determined  at  the  average  thermodynamic 
temperature  of  the  flow: 

Nu  =  —  Nusselt  number,  referred  to  diameter  of  the  pipe; 

X 

~  M-.g'C 

pr  =  ■  — _  Prandtl  number,  calculated  according  to  the  average  thermodynamic 

T  temperature  of  the  flow; 

Re  =  -  Reynolds  number,  calculated  according  to  the  average  thermodynamic 

p.  temperature  of  the  flow. 

For  these  conditions  of  flow,  Mikheyev  recommends  the  following  formula  [5]: 

-  .«.«*  .|j  . 

Nu  - 0.021 -Pr- Re  . 

Results  of  calculation  of  coefficients  of  heat  transfer  by  formulas  (9.8)  and 
(9.9)  practically  coincide. 

In  Fig.  9.4  there  are  compared  calculated  [see  formula  (9.8)]  and  experimental 
values  of  Nusselt  number  Nu  during  turbulent  motion  of  different  gases  in  smooth 
cylindrical  pipes.  Calculated  values  of  Nu  in  the  whole  investigated  range  of  Pe 
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flow  of  different  gases  In  round 
cylindrical  pipes  [4], 


taking  into  account  the  temperature  factor, 
the  following  dependences: 


numbers  (10**  s  Fe  s  2*10^)  agree  well 
with  experimental  data,  and  the  spread 
of  the  experimental  points  lies  within 
the  limits  of  possible  error. 

For  large  temperature  gradients 
between  the  gas  and  the  pipe  wall,  we 
should  consider  the  Influence  of  the 
temperature  factor  (T  -  ^w^O^  on  t*ie 
coefficient  of  heat  transfer.  On  the 
basis  of  theoretical  considerations, 
in  work  [4]  there  are  obtained  approxi¬ 
mate  formulas  for  calculation  of  the 
coefficient  of  heat  transfer  in  a  piDe, 
These  formulas  are  well  approximated  by 


for 

0,5 <  IX)  4-  -  1.27  -  0.27^*-). 

(9. I oi 

for 

(9.11) 

where  a^,  —  average  coefficient  of  heat  transfer,  with  consideration  of  the  temperature 
factor. 

In  Fig.  9.5  results  of  calculation  by  the  formulas  (9.10)  and  (9.11)  are  compared 
with  experimental  data  of  Il'yin  [6],  Calculated  and  experimental  values  of  aT/& 
satisfactorily  agree  with  each  other. 


Fig.  9.5.  The  influence  of  temperature 
factor  on  heat  exchange  in  a  round  cylindrical 
pipe  [4], 
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Experiment  shows  that  formulas 
(9.8)  and  (9.9)  are  valid  for  pipes 
of  sufficient  length  (l/D  >  50). 

When  l/D  <  50  these  formulas  give 
values  of  average  coefficient  of  h«al 
transfer  along  the  length  which  are 
too  low  [5].  The  true  magnitude  of 
the  average  coefficient  of  heat 
transfer  at  l/D  <  50  is  determined 
by  the  relationships  (9.8)  or  (9.9), 
taking  into  account  correction  Ej, 
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The  average  coefficient  of  friction  on  a  plate  of  length  L  Is  equal  to 

e/L  —  0,072/Re*'* . 

Replacing  in  this  formula  cf  on  cfcm  (9.5)  and  using  values  of  cf  and  cfL, 
we  will  obtain  formulas  for  the  local  and  average  Nu  on  a  flat  plate  for  the 
turbulent  flow  regime  [16]: 


Nu-0, 029-Re 


Nu  —  0,036- Rei 


s  — 

V 

ii.  - 

1 

(9.1H) 


(9-19) 


where  r  denotes  the  recovery  factor. 

At  high  subsonic  speeds  of  flow  (M  =  1,0),  compressibility  practically  does  not 
render  an  influence  on  heat  exchange  in  the  pipe.  In  this  case,  for  calculation  of 
coefficients  of  heat  transfer  it  is  possible  to  use  the  usual  relationships  (9.1?)  to 
(9.16)  under  the  condition  that  the  temperature  factor  is  determined  by  the  formula 


mm 


where  Tg  denotes  the  equilibrium  temperature  [see  expression  (9.4)]. 

On  the  basis  of  generalization  of  a  sufficiently  large  number  of  experimental 
data  on  heat  exchange  in  pipes  with  Irregular  or  complicated  cross  section,  it  has 
■u  been  established  that  in  crlterial  formulas  of 

the  form  of  (9.8),  in  plase  of  diameter  of  the 
pipe  D  it  is  expedient  to  introduce  the 
equivalent  diameter  D3KB .  Thus  formulas  (9.8), 
(9-9)»  (9.15)  and  (9.16)  will  be  retained  for 
the  case  of  heat  exchange  in  pipes  with 
irregular  or  complicated  cross  section.  The 
dependence  of  the  coefficient  of  heat  transfer 

6  HO* ft  on  Reynolds  number  Re  in  the  turbulent  flow 

Fig.  9-7.  Heat  transfer  during 

turbulent  flow  of  fluid  in  smooth  regime  in  smooth  pipes  with  cross  sections  of 
pipes  with  cross  sections  of  dif¬ 
ferent  form  [5].  □-  square,  V  -  different  shapes  is  represented  in  Fig.  9.7. 

triangle,  A  —  trapezoid,  +  -  rec¬ 
tangle,  O  —  circle.  From  this  graph  it  is  clear  that  processing  of 

experimental  data  in  dimensionless  criteria 
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where 


Nu--^i 


gives  a  universal  law  of  heat  transfer  [see  expression  (9.8)  or  (9.9)]  for  pipeB  with 
cross  sections  of  different  shape. 

During  determination  of  local  and  average  coefficients  of  heat  transfer  in  a 
supersonic  nozzle,  there  are  encountered  considerable  difficulties,  which  are 
explained,  on  the  one  hand,  by  the  absence  of  a  regorous  theory  of  heat  exchange  in 
turbulent  flows,  and,  on  the  other,  by  the  very  limited  number  of  experimental  data 
on  heat  transfer  in  a  supersonic  nozzle.  Available  methods  of  calculation  for 
determination  of  coefficients  of  heat  transfer  in  a  nozzle,  which  are  based  on 
boundary  layer  theory  [7],  [9],  essentially  depend  on  the  initial  assumptions.  In 
work  [8],  experimental  data  on  coefficients  of  heat  transfer  in  a  supersonic  nozzle 
are  used  to  obtain  a  criterial  dependence.  In  the  work  of  Bartz  [9]  there  is  given 
a  method  of  calculation  of  the  coefficient  of  heat  transfer  along  the  nozzle  which  Is 
based  on  turbulent  boundary  layer  theory.  The  formula  of  Bratz  has  the  form  for 


calculation  of  local  coefficients  of  heat  transfer  in  supersonic  nozzles 


(9.20) 


where  a  -  local  coefficient  of  heat  transfer  in  kcal/nr*  hr  ‘degree; 
cp  -  heat  capacity  of  gas  flow  in  kcal/kg* degree; 

Pr  -  Prandtl  number; 

O 

u  —  viscosity  of  gas  flow  in  kg* sec/m  ; 

O 

g  -  acceleration  due  to  gravity  in  m/sec  ; 

Djjp  -  throat  diameter  of  nozzle  in  m; 

G  -  flow  rate  of  gas  through  the  nozzle  in  k^/sec; 

F  -  area  of  cross  section  of  nozzle  at  a  given  x  in  m2; 

p 

F„_  -  throat  area  of  nozzle  in  m  ; 

rc  —  radius  of  curvature  in  the  nozzle  throat  in  m; 

a  -  dimensionless  parameter,  which  takes  into  account  the  influence  of  Mach 
number  and  temperature  factor  on  the  coefficient  of  heat  transfer: 


[o.5  f«  (l  +  M«)  +  0.5^  •  (l  f  *-y- 
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Physical  parameters  of  the  gas  flow  which  are  contains!  in  formula  (9. 20)  art 


calculated  according  to  the  stagnation  temperature  T  .  Change  of  Mach  number  it; 
simply  related  to  the  geometry  of  the  nozzle  F'K^/F  [10], 

The  distribution  of  local  coefficients  of  heat  transfer  along  a  supersonic  nozzle 
calculated  by  formula  (9.20)  is  represented  in  Fig.  9.8.  The  local  coefficient  of 

heat  transfer  attains  the  largest  valU'  in 


ft  keal/ichr.dtt! 


the  nozzle  throat  (at  F  -  F^).  This  is 
explained  by  the  fact  that  when  F  =  F,fp 
the  density  of  the  flow  (pu)  has  a  maximum. 
In  Fig.  9.8  experimental  values  of  local 
coefficients  of  heat  transfer  in  a  super¬ 
sonic  nozzle  are  compared  with  the 
theoretical  dependence  (9.20)  [9].  Consid¬ 
ering  the  complexity  of  heat  exchange  in  a 
supersonic  nozzle  and  the  difficulty  of 
experimental  determination  of  local 
coefficients  of  heat  transfer,  we  should 
recognize  that  theoretical  and  experimental 
data  agree  satisfactorily  with  each  other. 


Fig.  9.8.  Distribution  of  local 
coefficients  of  heat  transfer 
along  a  supersonic  nozzle  [9]. 
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§  5.  EXTERNAL  COOLING 
Let  us  assume  that  walls  of  the  combus¬ 
tion  chamber  of  a  ramjet  engine  are 
washed  on  the  inside  by  combustion  products, 
but  on  the  outside  —  by  an  air  flow  with 
specified  parameters.  The  problem  consists 


of  determination  of  the  wall  temperature  of 

the  combustion  chamber  of  a  ramjet  engine 

Tw  =  T  ( x )  for  given  conditions  of  flight  and  fixed  operating  conditions  of  the 
w  w 

engine.  The  method  of  calculation  of  external  cooling  of  a  combustion  chamber  of  a 
ramjet  engine  was  developed  under  a  whole  series  of  assumptions,  for  a  considerable 
number  of  which  there  is  given  corresponding  substantiation: 

1.  It  is  assumed  that  the  cooling  system  practically  does  not  affect  the 
temperature  of  combustion  products.  Corresponding  calculations  show  that  increase  of 
temperature  in  the  combustion  chamber  caused  by  the  cooling  Is  insignificantly  small. 
For  specified  conditions  of  operation  of  the  ramjet  engine,  equilibrium  t emperature 
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in  the  hot  part  of  the  combustion  chamber  is  a  composite  function  of  the  coordinates 
of  a  points 


Th**  Trite  y)’ 

In  Fig.  9.9  there  is  schematically  represented  the  change  of  equilibrium 
temperature  of  combustion  products  near  the  wall  (dotted  curve)  and  change  of  average- 

mass  equilibrium  temperature  along  the  combustion 
chamber  (solid  curve).  Since  the  field  of 
temperatures  in  the  combustion  chamber  has  consider¬ 
able  irregularity,  then  convection  heat  flow  from 
the  combustion  products  to  the  wall  is  determined 
by  the  temperature  drop  between  the  layer  of  gas 
next  to  the  wall  and  the  wall  (see  Fig.  9.9): 

fc-Trt-TV 

Since  the  radiant  heat  flux  depends  on  the 
average-mass  thermodynamic  temperature  of  the  com¬ 
bustion  products,  then 

The  use  of  different  temperatures  of  combustion  products  (T'el  and  )  complicates 
calculation  of  heat  exchange;  furthermore,  at  present  there  are  no  sufficiently 
complete  and  reliable  data  on  the  temperature  fields  in  combustion  chambers  of 
different  types.  Therefore,  in  calculation  of  cooling  there  is  used  a  single  curve 
of  burn-up  of  fuel  (Tgl  *»  T1).  Thus,  convection  heat  flows  are  obtained  to  be 
somewhat  too  high.  We  will  assume  that  the  bum-up  curve  is  approximately  determined 
by  a  linear  function 

T'\ ™ ^#1  +  KTrl)»«  Trjl •  (9.21) 

where  Tg2  -  equilibrium  temperature  of  the  incident  flow; 

(Tei)  -  maximum  combustion  temperature  of  fuel  for  a  given  air- fuel  ratio  a 
and  given  combustion  completeness  q>; 

x  —  instantaneous  coordinate,  measured  from  the  beginning  of  the  hot  part 
of  the  chamber; 

L  -  length  of  the  hot  part  of  the  combustion  chamber. 

2.  It  is  assumed  that  the  flow  regime  in  cold  and  hot  flows  is  everywhere 
turbulent.  The  accuracy  of  this  assumption  is  supported  by  the  comparatively  large 
Reynolds  numbers  for  the  considered  flows,  and  also  by  the  relatively  high  level  of 

-451- 


Fig.  9*9.  Change  of  tempera¬ 
ture  of  combustion  products 
along  the  chamber. 
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turbulence  and  the  presence  of  bluff  bodies  in  the  combustion  chamber. 

3.  The  combustion  chamber  is  made  of  heat-resistant  material,  for  which  the 
maximum  permissible  wall  temperature  for  specified  mechanical  strength  is  T,_. 

4.  It  is  assumed  that  flow  of  heat  along  the  wall  is  practically  absent. 

Elementary  calculations  show  that  heat  flow  along  the  wall  is  proportional  to  the 
parameter  where  Xw  is  the  coefficient  of  thermal  conductivity  of  the  wall  and 

&w  is  the  wall  thickness  [11],  Consequently,  the  smaller  the  thickness  of  the  wall 

of  the  combustion  chamber,  made  of  the  given  material,  the  less  the  longitudinal  flow 
of  heat  is. 

5.  It  is  assumed  that  the  thermal  resistance  of  the  wall  of  the  combustion 

6 

chamber,  made  of  the  given  material  is  small,  ^  -*  0. 

w 

6.  Local  coefficients  of  convection  heat  transfer  are  considered  to  be  known 
functions  of  the  longitudinal  coordinate  x,  and  the  influence  of  the  temperature 
factor  in  the  first  approximation  is  not  considered.  During  construction  of  the  second 
approximation,  coefficients  of  convection  heat  transfer  are  determined  by  more  e'  '■•t 
formulas  —  taking  into  account  the  temperature  factor. 

7.  Viscosity  of  air  as  a  function  of  temperature  is  calculated  by  the  formula 
of  Saterland.  The  function  p.  =  u(T)  is  represented  graphically  in  Fig.  9.10.  The 

change  of  heat  capacity  of 
combustion  products  as  a 

function  of  temperature  is 
shown  in  Fig.  1.7. 

During  change  of  tempera¬ 
ture  within  quite  a  wide 
range,  Prandtl  number  for  air 
retains  practically  a  constant 
value  [5], 

Assuming  that  for  air  Pr 
=  0.7,  we  will  obtain  a  furrnuin 
for  calculation  of  the  coeffi¬ 
cient  of  thermal  conductivity 
of  air 


The  dependence  of  X  on  temperature  for  air  is  represented  graphisally  in  Fig. 
9.10  by  a  solid  line,  and  the  dotted  line  shows  the  dependences  u  --  p(T)  and  X  =  X(T) 
for  combustion  products  at  a  >  1 .  From  comparison  of  the  dotted  and  solid  curves,  it 
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Fig.  9.10.  Coefficients  of  viscosity  and  thermal 
conductivity  as  functions  of  temperature.  1  and 
3  —  air;  2  and  4  —  combustion  products. 
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follows  that  coefficients  of  viscosity  and  thermal  conductivity  of  combustion  products 
at  a  >  1  insignificantly  differ  from  the  corresponding  magnitudes  for  air.  Therefore, 
the  dependence  of  physical  parameters  of  combustion  products  on  temperature  are  taken 
to  be  approximately  the  same  as  for  air. 

Local  temperature  of  the  wall  is  determined  on  the  basis  of  the  equations  of 
heat  balance  composed  for  an  element  of  the  surface.  According  to  these  equations, 
for  stationary  conditions  of  heat  exchange,  the  heat  flux  from  the  gas  to  the  wall 
is  equal  to  the  heat  flux,  passing  through  the  wall  and  the  heat  flux,  passing  from 
the  wall  to  air  coolants 


(9.22) 


where  a.  —  local  coefficient  of  convection  heat  transfer  from  the  gas  to  the  inner 
surface  of  the  wall; 

Tel  “  equilibrium  temperature  of  the  hot  flow; 

T  ^  —  temperature  of  inner  surface  of  the  wall; 

e p  —  effective  degree  of  blackness  of  combustion  products; 

e'  —  effective  degree  of  blackness  of  the  wall; 
w 

T1  —  thermodynamic  temperature  of  the  hot  flow; 

Tw2  -  temperature  of  the  outer  surface  of  the  wall; 

a2  -  local  coefficient  of  convection  heat  transfer  from  wall  to  air  coolant. 
When  thermal  resistance  of  the  wall  is  small  (assumption  5),  we  have 


T9l-T^-Tm. 

In  this  case  the  system  of  equations  (9.22)  takes  the  form 


^(J'«-r<j+.;..;c.[(-ir),-(i.)<]_S(7'.-Tj.  (s.w) 

Disregarding  in  the  first  approximation  the  influence  of  the  temperature  factor 
on  coefficients  of  heat  transfer  a^,  a 2  and  on  the  effective  degree  of  blackness  of 
the  combustion  products  ej,  (assumption  6),  we  will  obtain  for  determination  of  wall 
temperature  an  algebraic  equation  of  fourth  order.  If,  furthermore,  radiant  heat 
flow  is  small  as  compared  to  convection  heat  flow,  then  solution  of  equation  (9.  25) 
is  given  by  the  formula 


T9 


(9.24) 
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or 


Usually  Mach  number  In  the  combustion  chamber  is  small  as  compared  to  the  Mach 
number  of  the  external  flow.  Thus,  on  the  basis  of  (9.6)  and  (9.18),  local 
coefficients  of  heat  transfer  and  a 2  in  the  turbulent  flow  regime  are  determined 

by  the  formulas 


a,  -0,029 

Rtf’* 

•,-0.029  ^2-1,- 


iiii. 


I 


,  +•  — i—  rMJ 


(9.25) 

(9.26) 


where  physical  constants  of  the  hot  and  cold  flows  are  taken  at  corresponding  local 
thermodynamic  temperatures,  since  local  conditions  of  heat  exchange  are  determined 
by  local  parameters.  On  the  basis  of  (9.25)  and  (9.26)  we  will  obtain 


\  Rti 


ft 


(9.27) 


Of  the  greatest  interest  is  the  dependence  of  maximum  temperature  of  the  wall 
on  speed  of  flight  (on  Mach  number  M2).  Using  the  equation  of  state  and  the 
definition  of  Mach  number,  we  will  obtain 

(9.28) 

ft  ■  t  Pi 

where  the  ratio  of  static  pressure  of  the  incident  flow  to  static  pressure  in  the 
combustion  chamber  (p1  «  p01)  *s  determined  by  the  known  formula 


Pt i 


(9.29) 


Here  denotes  the  pressure  recovery  factor  in  the  diffuser.  An  approximate 
dependence  of  pressure  recovery  factor  on  flight  Mach  number  for  supersonic  diffusers 
is  given  in  Fig.  9*11.  Equilibrium  temperature  of  a  cold  flov'  in  a  turbulent  flow 
regime  is  given  by  formula  (9.4): 

7^  —  Ts(l  +  0,9  Ml) .  (9.30) 
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In  Fig.  9.12  there  is  represented  the 
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Fig.  9.11.  Pressure  recovery  factor  as 
a  function  of  Mach  number. 


dependence  of  maximum  wall  temperature 
(T  )  of  the  combustion  chamber  on  Mach 
number  of  the  incident  flow  (Mg)  for 
different  maximum  te  nperatures  of  the 
combustion  products  (Tgl  max).  Calcula¬ 
tions  are  carried  out  for  an  engine 


flying  at  a  height  of  H  =  30,000  m  (Tg  =  231. 3°K,  pg  =  120  kg/m2)  with  flow  velocity 
in  the  combustion  chamber  =  100  m/sec.  Change  of  wall  temperature  along  the 

combustion  chamber  while  maximum 


temperature  of  the  combustion  products 
are  fixed,  at  different  speeds  of 
flight,  is  represented  in  Fig.  9.13 
(by  the  solid  lines).  Here  the  dotted 
straight  lines  represent  laws  of  bum- 
up  [see  formula  (9.21)]  at  different 
values  of  Mg.  With  increase  of  Mg, 
the  average  temperature  level  of  the 
wall  increases,  and  the  temperature 
gradient  along  the  wall  decreases. 

From  Fig.  9.12  it  follows  that  the 
maximum  wall  temperature  at  the  end  of 
the  chamber  (x/Lr  =  1)  considerably 
increases  with  Increase  of  flight  Mach  number.  Even  without  taking  into  account 

radiation  from  the  flame,  external  cooling  turns 
out  to  be  not  very  effective. 

In  Fig.  9.1^  there  is  given  the  dependence  of 
maximum  flight  Mach  number  on  maximum  temperature 
of  combustion  products  for  different  maximum 
permissible  wall  temperatures.  From  this  graph 
one  may  see,  for  instance,  that  for  a  metal  wall 
having  a  maximum  permissible  temperature  of  about 
1300°K,  the  limiting  velocity  of  flight  at  an 
altitude  of  30  Ion  corresponds  to  Mg  *  3.0  when  the 
temperature  of  the  combustion  products  is  about 


Fig.  9.12.  Dependence  of  maximum  wall 
temperature  of  a  combustion  chamber  on 
speed  of  flight  with  external  cooling. 


*{ 

Fig.  9.13.  Change  of  tempera¬ 
ture  of  the  wall  along  a  combus¬ 
tion  chamber  during  external 
cooling  [(Tel)nax  =  2200°K] . 
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Fig.  9.14.  Limiting 
flight  Mach  number 

during  external  cooling. 


We  will  consider  external  cooling  of  the  wall  of  a 

combustion  chamber  of  a  ramjet  engine  in  the  presence  of 
radiation  from  the  combustion  products.  The  effective 
degree  of  blackness  of  the  combustion  products  e^  is 
determined  by  the  emisslvity  of  the  flame  of  the  ramjet 
engine. 

It  has  been  established  experimentally  that 
radiation  from  the  flame  of  straight-through-flow  chambers 
operating  on  hydrocarbon  fuels  with  air-fuel  ratio  from 
1.0  to  1.7  is  basically  gas  radiation.  The  degree  of 
blackness  of  the  flame,  with  accuracy  sufficient  for 
practical  purposes,  is  determined  by  the  degree  of  black¬ 


ness  of  the  triatomio  gases  HgO  and  C02  contained  in  the  combustion  products. 

For  a  mixture  of  carbon  dioxide  with  steam,  the  degree  of  blackness  is  determined 


by  formula  [5] 


where  0  —  is  a  correction  factor  for  the  partial  pressure  of  water  vapor  (Fig.  9.15). 


Since  gases  absorb  selectively,  then 
for  them  emissivity  er  (degree  of  blackness) 
is  not  equal  to  the  absorptivity  Ar;  thus 
the  absorptivity  of  the  gas  is  calculated 
by  the  formula 


where 


Ar^Aco,  +  ^K/>. 


'Hfi 


?*H fi' 


U001 
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The  degree  of  blackness  of  the  wall 


Fig,  9.17.  Degree  of  blackness  of  water  a^B0  depends  on  pi  and  the  composition  of 
vapor  as  a  function  of  t  and  pi  [5]. 

the  gas.  In  order  to  take  this  circumstance 
into  account,  there  is  usually  introduced  the  effective  degree  of  blackness  of  the 
shell  e'w»  which  is  related  with  the  degree  of  blackness  of  the  wall  by  formula  [5]: 

+  (9.31) 

If  we  take  into  account  the  relationship  (9.31),  the  final  formula  for  calcula¬ 
tion  of  the  radiant  heat  flux  from  gas  to  wall  takes  the  form  [5] 


where  effective  degree  of  blackness  of  gas  is  determined  by  formula 

ir 

Tm\* 


'  -ft)’ 


Here  T  denotes  the  thermodynamic  temperature  of  the  gas  flow. 

We  will  determine  the  partial  pressures  of  C02  and  HgO  in  the  combustion  products. 
For  simplicity  we  will  assume  the  following  weight  composition  of  the  fuel  (gasoline): 

C  =  0.85;  H  =  0.15.  Considering  that  water  is  not  contained  in  either  the  air  or  the 
gasoline,  we  will  find  the  volume  of  the  combustion  products  [12], 

VH <0-  1,244-9-H  -  l,68mVkg,  1 
Koo,  »  1,855* C»  l,578m5/kg.  ) 


The  vomume  of  dry  gas  is  determined  by  the  formula  [12] 

V*.  r  .1.  -  8,879  C  +  20,903  («  -  y) . 

-437- 


(9.32) 


.4 
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V  * 


The  total  volume  of  dry  gases  Is  given  by  the  relationship 


™  Vlifl  4*  ^c.  r  ■*■  +  (•  —  I )  £»la» 


(9.3?) 


where 


I*,-  8,880- C  +  26,456  (H-y)“!  1.52  m1/*/’; 


(9.3^) 


a  —  air-fuel  ratio. 

Then  for  a  given  air-fuel  ratio  a,  the  relative  partial  pressures  of  the  combus¬ 
tion  products  will  have  the  values 


0  -  K°°-  1.578 

Fc0>  V-m.  * 

v _ v _ * 


(9.35) 


The  effective  degree  of  blackness  e'  is  determined  as  a  function  of  thermodynamic 

r 

temperature  in  the  motor  T^.  Thus  the  air-fuel  ratio  a,  ctatic  pressure  in  the  com¬ 
bustion  chamber  p^  and  average  length  of  a  ray  l  are  taken  to  be  constant.  The 
average  length  of  a  ray  is  related  to  the  diameter  of  the  combustion  chamber  by  the 


approximate  dependence  [5] 


0,5.0,. 


(9.36) 


From  calculation  of  partial  pressures  of  carbon  dioxide  and  water  vapor,  it 
follows  that  the  ratios 


q  «=  ^°°f  *S) 
POO.0) 

Pk*0> 


(9.37) 


are  practically  identical  for  given  a;  i.e.,  ac0  =  a^j  Q  =  a  (Fig.  9.18).  Thus,  a 
change  of  the  air- fuel  ratio  a  which  is  exactly  the  same  as  the  change  of  pressure, 
g  in  the  motor  p^  is  accompanied  by  a 

//a-i  I  l  I  I  |  |  |  |  I  |  |  |  I  |  |  |  |  i-l 

1 _ _ _  proportional  change  of  partial  pressures. 

g/  —  k- - - - - - —  - - 

_  N _ < _ _ _  Consequently,  the  influence  of  a  on 

4*  ^  ^  *  degree  of  blackness  e  ^  can  be  taken 

4* - — -  into  account  through  pressure  p^,  if  we 

fff*  I  I  .1  I  I  j  '  I  I  introduce  in  its  place  the  quantity  p.  a. 

/  2 

Fig.  9.18.  Coefficient  a  as  a  function  In  Fig.  9.19  there  is  represented  the 

of  a. 

dependence  of  e^  on  temperature  in  the 
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combustion  chamber  for  different  values  of  parameter 
p^a,  at  r.  temperature  of  the  wall  equal  to  Tw  -  1200°K. 

The  fundamental  equation  (9.23)  will  be  represented 
in  the  form 


Fig.  9.19.  Effective  degree 
of  blackness  of  combustion 
products  at  T  =  lJOCrK. 


C-flT.- 4.9-  10-*Tt. 

where  there  are  introduced  the  designations 

*r  '  **' 

c  -  -r*-r  (Ttl  +  i  +  4,9.  !0-'  T\ . 

*r  '  *1  / 


(9.38) 


(9.39) 


(9.40) 


Here  a^,  determined  by  formula  (9.25),  is  an  explicit  function  of  longitudinal 
coordinate  x.  Strictly  speaking,  every  element  of  the  wall  exchanges  radiant  energy 
with  the  whole  volume  of  gas  located  in  the  combustion  chamber.  In  this  case,  during 
calculation  of  radiant  heat  flow,  it  was  necessary  to  use  local  thermodynamic 
temperature  of  combustion  products  and  variable  value  of  length  of  the  path  of  the 
ray.  However,  is  we  consider  that  gas  with  higher  temperature  radiates  more  intensely, 
then  it  is  possible  to  consider  approximately  that  radiant  heat  exchange  is  carried 
out  only  between  a  shell  of  gas  with  maximum  temperature  (T1)max  and  the  wall  with 
temperature  Tw(x),  With  the  assumptions  which  have  been  made,  formula  (9.40)  takes 
the  form 


C“7v~(7*,+"n  r»*)  +  4-9  l0~,(r')i“1 


(9.41) 


where  the  effective  degree  of  blackness  of  combustion  products  (e^  )  is  determined 

according  to  the  maximum  thermodynamic  temperature  in  the  combustion  chamber  (T^)max> 

static  pressure  in  the  chamber  p1  and  composition  of  the  combustion  products  a 

(Fig.  9.19).  With  the  use  of  Fig.  9.19,  it  is  assumed  that  (T  )mov  =  1300°K.  If 

w  iricLX 


the  true  wall  temperature  is  different  from  1200  K,  then  for  determination  of 
should  use  graphs  analogous  to  those  in  Fig.  9.19,  but  for  other  values  of  Tw>* 


we 


*It  has  been  established  that  is  a  weak  function  of  Tw;  therefore,  for 
approximate  calculations  it  is  possible  to  be  limited  to  Fig.  9.19. 
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Equation  (9.38)  la  solved  graphically  with  the  help  of  the  nomograph  in  (Fig. 
9,20).  The  scale  of  graduated  J.ine  B  is  found  in  the  following  ways  we  compare 
segment  b  with  graduated  line  C  and  obtain 


10P- 6-7*. -6-3000. 

*—^--5000. 

XXX) 

7 

Consequently,  to  a  segment  equal  to  10'  on  graduated  line  C  there  corresponds  on 

graduated  line  B  the  segment  5000. 


line  B:  1  cm  =  1000. 


Assuming  that  on  line  C,  to  the  segment 

7 

10'  there  corresponds  5  cm,  we  find 
that  on  line  B  every  centimeter 
corresponds  to  1000  units.  The  graph 
shown  in  Fig.  9.20  should  be  used  in 
the  following  way:  Let  us  assume  that 
by  formulas  (9-39)  and  (9.41)  we  have 
found  C  =  2*10^  and  B  =  5000.  We  plot 
on  scale  C  the  value  2*10^  -  point  1. 
This  point  is  taken  parallel  to  the  axes 


of  Tw  to  scale  B  —  point  2.  From  point  2  were  measured  downwards  the  segment  B  = 

=  5000  and  obtain  point  3.  Connecting  points  1  and  3  by  a  straight  line,  we  will 
continue  the  straight  line  up  to  intersection  with  the  curve  at  point  4.  Along  the 
horizontal  scale  we  find  the  corresponding  value  of  Tw  -  point  5. 

Change  of  wall  temperature  along  the  combustion  chamber,  taking  into  account 
radiation  during  external  cooling,  is  represented  on  Fig.  9.21.  Calculation  is 

carried  out  for  an  engine  flying  at  an  altitude 
of  30  km  with  speed  corresponding  to  M2  =  4.0, 
with  maximum  temperature  of  combustion  products 


rjn 


temperature  of  the  wall  along 
the  combustion  chamber,  taking 
into  account  radiation  during 
external  cooling.  _  tempera¬ 
ture  of  the  wall  at  er  /  0.  - 

temperature  of  the  wall  at 

er  =  °* 


(T  ,  )  =  2200°K.  From  Fig.  9.21  it  follows 

that  consideration  of  radiation  from  the  flame 
leads  to  a  considerable  temperature  increase  of 

0 

■-he  wall  of  the  combustion  chamber  (by  approxi¬ 
mately  20$)  as  compared  to  the  case  when  e ^  =  0. 

Thus,  even  without  that,  the  low  effectiveness 
of  external  cooling  (see  Fig.  3.12)  is  lowered  still 
more  in  the  ‘  present-'-  or-  radiation  (see  Jig.  5.21). 
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§  4.  CONVECTION  COOLING 


The  problem  consists  of  determination  of  the  wall  temperature  of  a  ramjet  engine 
Tw  -  Tw(x)  810(1  the  flow  rate  of  air  coolant  G2  flowing  through  an  annular  channel  of 

given  height  h.  There  are  given 
the  total  pressure  of  the  flow  at 
the  Inlet  to  the  cooling  channel, 
the  geometry  of  the  internal  path, 
gas-dynamic  parameters  and  flow 
rate  of  the  hot  flow  G^.  The  hot 
part  of  the  motor,  which  is  made 
of  heat-resistant  material  with 
maximum  permissible  wall  temperature 
Twm’  w111  be  subJect  t0  cooling.  Air  coolant  is  withdrawn  from  the  diffuser  and  flows 
in  an  external  annular  channel  with  height  h  (Fig.  9.22). 

Calculation  of  cdnvection  cooling  of  a  ramjet  engine  is  performed  under  a  whole 
series  of  assumptions,  a  considerable  number  of  which  are  given  above  (see  §  3  of  the 
present  chapter).  Furthermore,  it  is  possible  to  make  the  following  statements: 

1.  Air  for  cooling  is  withdrawn  at  the  end  of  the  diffuser.  Such  a  diagram  is 
the  simplest  structurally.  Furthermore,  the  higher  density  of  the  flow  of  air  during 
external  cooling  increases  the  efficiency  of  convection  heat  transfer. 

2.  At  the  outlet  from  the  cooling  channel  there  is  established  the  stalling 
speed  of  outflow 

This  assumption  is  Justified  by  the  fact  that  in  operating  regimes  of  a  ramjet  engine 
there  practically  always  exists  a  supersonic  pressure  irop.  If  the  pressure  drop  is 
nevertheless  3Ubcritical,  then  should  be  given  the  static  outlet  pressure  from  the 
cooling  channel. 

3.  For  intensification  of  heat  exchange,  the  cooling  channel  has  longitudinal 
fins.  There  is  given  the  fin  coefficient  if/  (in  most  cases  f  is  chosen  from  structural 
considerations),  which  is  equal  to  the  ratio  of  the  area  of  the  heat-emitting  surface 
to  the  area  of  heat-absorbing  surface. 

4.  The  wall  of  the  housing  is  thermally  insulated  on  the  outside;  thus,  all 
heat  flowing  from  the  wall  of  the  motor  toward  the  cooling  flow  increases  the 
enthalpy  of  this  flow.  Such  an  assumption  corresponds  to  more  difficult  operating 
regimes  of  the  wall  of  the  motor  and  the  housing. 

•Subscript  "a"  indicates  the  cross  section  of  the  motor  (Fig.  9.22),  and  sub¬ 
script  2  pertains  to  the  cooling  channel. 


Fig.  9-22.  Schematic  diagram  of  convection 
cooling. 
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During  solution  of  the  problem  of  convection  cooltnK.  there  are  used  differential 
equations  of  heat  transfer  and  heat  balance  written  for  an  element  cf  length  dx,  and 
also  continuity  equations  and  momentum  equations  for  the  flow  In  the  cooling  channel. 
As  a  result  of  solution  of  the  system  of  equations,  it  is  required  to  find  the 
change  of  wall  temperature  Tw  and  the  temperature  of  the  air  coolant  Te?  as  a 
function  of  x,  and  also  the  reduced  velocity  of  flow  at  the  inlet  Into  the  cooling 
channel  A^g  and  the  flow  rate  of  air  coolant  Gg . 

The  formulated  problem  will  be  broken  up  into  two  parts.  At  first,  using 
equations  of  heat  exchange  and  heat  balance,  we  will  solve  the  thermal  problem. 

Thus  the  flow  rate  of  the  air  coolant  Gg  is  considered  to  be  a  parameter,  and 
calculation  of  temperature  of  the  wall  Tw  and  temperature  of  the  cooling  flow  Tgg  is 
carried  out  for  several  values  of  Gg.  Then,  using  the  equations  of  flow  rate  and 
momentum,  we  will  solve  the  hydraulic  problem.  As  a  result  of  this  solution  there 
is  determined  the  true  value  of  Gg,  at  which  there  is  realized  flow  in  a  cooling 
channel  of  given  height  h  at  a  fixed  value  of  stagnation  pressure  at  the  outlet. 

From  the  family  of  curves  Tw  =  Tw(xj  Gg)  and  Tg2  =  Teg(x;  Gg)  there  are  chosen  those 
which  correspond  to  the  true  flow  rate  Gg. 

Let  us  turn  to  solution  of  the  thermal  problem.  Let  us  assume  that  the  quantity 
of  heat  transferred  from  the  hot  flow  to  an  element  of  surface  of  the  motor  (dF  = 

=  irD^dx)  is  equal  to  the  quantity  of  heat  transferred  from  the  element  of  surface 
of  the  motor  to  the  cooling  flow.  Then  the  differential  equation  of  heat  transfer 
for  element  dx  will  take  the  form 


(9.42) 

Hence  we  will  obtain  a  formula  for  the  equilibrium  temperature  of  the  cooling  flow 


T„ 


r.-~ £r<7Vi-7’J- 


H  100  ) 


(9.43) 


The  quantity  of  heat  transferred  from  an  element  of  surface  of  the  motor  to  the 
cooling  flow  increases  the  enthalpy  of  this  flow: 

wD^ot^r.  -Trt)  =3600-c#t  ■GidTtJ,  (9M) 


where  c 


P2 


is  the  heat  capacity  of  the  air  coolant. 
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Thus,  for  determination  of  Tw  and  Tg2  as  a  function  of  x,  there  are  obtained 
two  equations,  (9.43)  and  (9,44),  in  which  is  a  parameter.  In  general,  the 
diameter  of  the  motor  (D^),  coefficient  of  heat  transfer  from  combustion  products 
to  the  wall  (a^)  and  the  equilibrium  temperature  of  the  combustion  products  are 
known  functions  of  the  longitudinal  coordinate  x.  If  the  heating  of  air  in  the 
cooling  channel  is  comparatively  small,  then  the  coefficient  of  heat  transfer  from 
wall  to  cooling  flow  (a2)  can  also  be  considered  to  be  a  known  function  of  x  in  the 
first  approximation. 

If  radiant  heat  flow  is  small  as  compared  to  convection  heat  flow,  then  on 
the  basis  of  (9.45)  and  (9.44)  we  will  obtain  a  linear  differential  equation  for 
determination  of  Te2: 


-£~  +  *  (*)  «  k  (x)  7*#1, 


where  there  are  introduced  the  symbols 


'  3600-c^.flg 


(9.49) 


(9.46) 


Xmn  — 

Lr 


Considering  that  when  x  =  0,  Te?  =  Tg^,  we  will  represent  the  solution  of 
equation  (9.45)  in  the  form 


-M,  _  i* 

T«—%  I  f*(x)r#l(I)e* 


d*  +  Tm 


(9.47) 


thus  the  wall  temperature  is  determined  by  the  formula 


r.- 


(9.4H) 


If  the  gas  flows  through  a  cylindrical  pipe  (combustion  chamber),  then  ^ 

=  const,  and  coefficients  of  heat  transfer  and  a2  are  determined  by  formulas 
(9.15)  and  (9.16),  Disregarding  the  influence  of  temperature  factor  in  the  first 
approximation  and  taking  Prandtl  number  Pr  for  the  combustion  products  to  be  equal 
to  0,625.  and  for  air  —  0.70,  we  will  represent  local  coefficients  of  heat  transfer 
(9.15)  and  (9.16)  in  the  form 
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0,0174 -!jL  Ref  * 

0,0182— —  •ReSJ  tL  (I)-*'1 , 


where  equivalent  diameter  D?  3KB  will  be  determined  by  the  formula 


Dtm-*h- 


,+*+1T 


(9.51 


Reynolds  numbers  Re^  and  Re2>  if  we  take  into  account  the  equations  of  flow 

rate,  will  be  represented  in  the  form 


i»i  Ai*t 

Re,-  =0.13-S - ! - 

"*  'Vl' <  +  ♦  +  ,-£- 


(9.53 


Using  relationships  (9.49),  (9.50),  (9.51),  (9.52)  and  (9.53),  we  will  obtain 
final  formulas  for  calculation  of  local  coefficients  of  heat  transfer  in  the 


cylindrical  pipe  and  in  the  annular  space 


•-0.003 ^(^...(irs 


(9.54 ) 


(9.55) 


In  these  formulas,  only  the  complex  \/\i  '  depends  on  local  thermodynamic 
temperature  (Fig.  9.23). 


Fig.  9.23.  The  parameter 
0  8 

X/u  *  as  a  function  of  temper 
ature . 


; 

■  S 


Fig.  9.24.  Change  of  temperature  of  air  (a) 
and  wall  (b,  c,  d)  along  the  cooling 
channel  of  a  motor  during  convection 

cooling,  c)  -  first  approximation; 

-  second  approximation,  d)  - 

with  respec.t  to  average  a;  ----  with 
respect  to  the  local  a. 

r  {imm - -  In...  *-20  mm;  O.-I.Om:  tr-I.S  n. 

I - 4-  -MU  2- -2*-  t-  — - 0,1;  4 — -O.lfc  S~  -2l_  _e.:o. 

•t  fl(  Q,  0,  0 , 

Using  formulas  (9.46),  (9.47),  (9.48),  (9.54)  and  (9.55),  we  will  calculate 
change  of  temperature  of  the  air  coolant  and  temperature  of  the  wall  along  the 
combustion  chamber.  In  Fig.  9.24a,  there  is  shown  the  change  of  air  temperature 
along  a  cooling  channel  with  height  h  =  20  mm  for  different  relative  flow  rates  of 
air  coolant  Gg/G^.  Wall  temperature  of  the  combustion  chamber  as  a  function  of 
longitudinal  coordinate  x  is  shown  in.  Fir;.  9.24b.  ti  example  of  calculation  is 
given  for  a  hypothetical  engine  with  Hi;uno’.er  of  the  Internal  circuit  of  the 
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combustion  chanber  =  1.0  m,  flying  at  an  altitude  of  H  =  30,000  m  (T2  =  231.3°K, 

O  Q 

Pg  =>  120  kg/m  )  with  a  speed  corresponding  to  M2  =  4,0  (l'e^  897  K),  with  maximum 

temperature  in  the  combustion  chamber  (Tel)max  =  2200°K.  Thus  the  burn-up  ci  rve 

according  to  foraula  (9.21)  has  the  form 

rrt -«7  + (BOO- 087)1  (9.9') 

From  Fig.  9.24a  and  b,  it  follows  that  along  the  combustion  chamber  temperature 
of  the  air  coolant  and  wall  temperature  increase  practically  linearly.  Increase 
of  relative  flow  rate  of  air  coolant  (G^/U^)  (at  a  fixed  value  of  x)  is  accompanied 
by  decrease  of  wall  temperature  and  temperature  of  the  air  coolant.  Consequently, 
with  increase  of  G^/G^,  the  efficiency  of  convection  cooling  increases.  On  the 
basis  of  Fig.  9.24b,  we  conclude  that  increase  of  relative  flow  rate  of  air  coolant 
over  a  certain  limiting  value  becomes  disadvantageous,  since  even  with  considerable 
increase  of  0^/0^,  the  wall  temperature  is  lowered  insignificantly. 

Dependences  represented  in  Fig.  9.24a  and  b,  are  approximate,  since  there  is 
not  considered  in  them  the  Influence  of  the  temperature  factor  on  local  coefficients 
of  heat  transfer  and  the  influence  of  variable  thermodynamic  temperature  of  the 
air  coolant.  If  we  take  into  account  the  temperature  factor,  formulas  (9.54)  and 
(9.55)  for  calculation  of  local  heat  transfer  coefficients  take  the  form  (see  §  2, 
Chapter  IX) 


X  (l,27  -  0,27^-); 

[l  4.  4.  2  — \#’* 


(9.57) 


(9.58) 


•  Calculation  of  temperature  of  the  air  coolant  and  temperature  of  the  wall  of 
the  combustion  chamber  is  carried  out  in  the  second  approximation  according  to 
formulas  (9.46),  (9.47).  (9.48),  (9.57)  and  (9.58).  Thus,  local  values  of  tempera¬ 
ture  factors  TwAel  and  I’v/Te2  are  determined  by  the  first  approximation  (Fig.  9.24c). 
Strictly  speaking,  parameter  ,  which  is  contained  in  formula  (9.58),  should 

be  determined  by  local  values  of  thermodynamic  temperature.  However,  in  the  cooling 
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channel  flow  is  subsonic  (X2  s  1.0),  and  the  difference  between  thermodynamic 
temperature  and  stagnation  temperature  is  not  so  great.  Therefore,  for  determination 
of  this  parameter,  it  is  possible  to  use  stagnation  temperature  Tg0  found  in  the 

first  approximation. 

In  Pig,  9.24c  there  are  compared  the  first  (solid  curves)  and  second  (dotted 
curves)  approximations  for  wall  temperature  of  the  combustion  chamber  during  convec¬ 
tion  cooling.  From  this  graph  it  follows  that  consideration  of  temperature  factors 
Tw/Tei  and  ^/T  2  leads  to  a  certain  temperature  increase  of  the  wall.  However, 
this  increase  in  the  majority  of  practical  cases  is  very  insignificant.  Still  less 
is  the  influence  of  temperature  factors  on  temperature  of  the  air  coolant.  Therefore, 
in  calculations  it  is  possible  to  disregard  the  influence  of  temperature  factor,  and 
to  be  limited  to  only  the  first  approximation. 

Local  coefficients  of  heat  transfer  in  the  pipe  a  (9.54)  and  in  the  annular 

channel  a (9.55)  are  weak  functions  of  the  longitudinal  coordinate.  This  is 

0  8 

explained  by  the  fact  that  the  complex  \/\±  *  increases  with  increase  of  x,  and  the 
parameter  (x)  *  decreases.  Considering  this  circumstance,  we  will  replace  the 

local  coefficients  of  heat  transfer  in  formulas  (9.42)  and  (9.44)  by  averaged 
coefficients  (9.1?)  and  (9.14): 


(9.59) 


(9.60) 


Let  us  calculate  temperatures  Tw  and  Tg2  according  to  the  average  coefficients 
of  heat  transfer  (9.59)  and  (9.60).  For  mean  values  and  a dimensionless 
parameter  k  (9.46)  takes  the  constant  value 


ft 


«•  A-4"«i4r 

MO-4^4 


(9.61) 


In  the  case  when  k  =  const,  and  with  linear  change  of  the  burn-up  curve 

+  WT,l)mu  Ttl\  X 


(9.21), 

(9.62) 


formula  (9.47)  takes  the  form 


Calculation  of  the  temperature  of  the  air  coolant  and  temperature  of  the  wall 
of  the  combustion  chamber  for  averaged  heat  transfer  coefficients  is  performed 
according  to  formulas  (9.48),  (9.59)»  (9.60),  (9.61)  and  (9 .6?).  In  this  case, 
calculation  turns  out  to  be  the  simplest.  Comparison  of  wall  temperatures  of  the 
combustion  chamber  calculated  according  to  local  (dotted  curves)  and  averaged 
(solid  curves)  coefficients  of  heat  transfer  is  presented  in  Fig.  9.24d.  From  this 
graph  it  follows  that  results  of  calculation  of  convection  cooling  of  combustion 
chambers  according  to  local  and  averaged  coefficients  of  heat  transfer  are  practically 
identical.  Therefore,  for  approximate  calculation  of  convection  cooling  of  combustion 
chambers,  it  is  possible  to  use  the  simpler  formulas  obtained  for  the  case  of  the 
averaged  coefficients  of  heat  transfer. 

Let  us  turn  to  a  checking  calculation  of  convection  cooling  in  the  presence  of 
radiation  from  the  flame  in  a  ramjet  engine.  Replacing  local  coefficients  of  heat 
transfer  by  the  averaged  coefficients,  on  the  basis  of  expressions  (9.42)  and  (9.44) 
we  will  obtain 

l,.d*u  (;,  <r„  -  r.) + <■,  [(^“-)‘  - 

<9-65) 


§fcl 
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[,+i+^±feJ]*+sN) 
xiT’+i(l+'i)*tti tf- 
-t^+x(,+»t)tT-+ 


(9.67) 
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Thus,  for  determination  of  wall  temperature  of  the  combustion  chamber  during 
convection  cooling,  taking  into  account  radiation,  we  obtain  a  nonlinear  firBt  order 
differential  equation.  Initial  wall  temperature  at  3c  =  0,  (T  )  ,  1b  determined 

from  the  nomograph  in  (Fig.  9.20)  with  the  help  of  coefficients  B  (9.39)  and  C  (9.41): 


B - rh-fl,0 +  ♦•?•); 

V*.  \ 

c  — rh-  + ♦ 41  •»£) + «•  I0-*  (r„c. . 

•r  «.  \  n  / 


(9.68) 

(9.69) 


Solution  of  equation  (9.67)  in  general  encounters  large  difficulties.  Therefore, 

it  is  usually  solved  approximately.  Partitioning  the  length  Lp  into  a  series  of 

equal  intervals  Ax,  we  will  assume  that  in  every  such  interval  the  wall  temperature 

changes  linearly.  Then  T  at  the  end  of  the  n-th  interval  will  be  determined, 

w 

obviously,  by  the  formula 


7- _7?-» +  («#.)  .ix. 

where  on  the  basis  of  (9.67)  we  have 


(-?)* 


V'.*  4  (It-")9’ 

00  \  100  J 
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where 


(9. 70) 


(9. 71) 
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The  corresponding  value  of  temperature  of  the  cooling  flow  is  determined  by 


MM 


'i  -  - 


the  formula  (9. 43). 

In  Fig.  9.25a  and  b  there  are  given  values  of  the  equilibrium  temperature  of 
the  air  coolant  and  the  temperature  of  the  wall  of  the  combustion  chamber  calculated 

taking  into  account  radiation  (dotted  curves) 

L'| 

flgy  -  I  and  without  taking  into  account  radiation 

_ _ _ , (solid  curves).  From  these  graphs  it  follows 

/*(•  —  —  ^  «■-"  ^  ^  =-■  that  consideration  of  radiation  leads  to  a 

®)  —  —  —  —  j*  considerable  increase  of  wall  temperature  of 

|M  —  H  1  1  1  I  I  ‘ 

■I  v  vn  the  combustion  chamber  (by  approximately 

r  i 

fgfff  ill  .  — |  .  i  - j ■■ -j  10  to  20$,  depending  upon  the  relative  flow 

- - - ^ -  rate  of  air  coolant).  Thus,  during  calcula- 

***  ^  ***  ^  tion  of  cooling  of  the  combustion  chamber  of 

^  ^  ^  ^  a  ramjet  engine,  we  should  consider  not  only 

mo  1=^**=  Es==  A'j 

“  *  convection,  but  also  radiant  heat  flow. 

b) - 

_ 11  The  above  discussed  examples  pertain  to 

t  US  IP* 

Fig.  9.25.  The  influence  of  radia-  the  casfc  of  convection  cooling  of  cylindrical 
(£)nanS  thl  iaTie(bfa?ong  Iht  clll-  combustion  chambers.  For  convection  cooling 

Jefti^oiliJg?11  6ngine  dUring  C°n"  of  the  entlre  ramJet  engine’  we  should 

<rrtWr*,##,,t:  H“ao  ta:  M*”4,0i  consider  heat  exchange  between  the  combustion 

O,— |.0b;  h-10  mm;  Lj— I.S  », 

t  J^._00l5.  f  _£j_  ooi  products  and  the  wall  not  only  in  the  section 

“  0.  '  "  Ot  “  ' 

_ ,'_o;  L  (hot  part  of  the  combustion  chamber),  but 

r  r 

- • also  in  the  section  l  +  L  (nozzle).  Above 

.  c  c 

it  was  shown  that  calculation  of  convection 


- .r-0,0«. 


cooling  of  the  combustion  chamber  can  be  carried  out  with  a  sufficient  degree  of 
accuracy  according  to  the  averaged  coefficients  of  heat  transfer  (9.59)  and 
(9.60).  Then  in  the  section  of  the  combustion  chamber  (for  0  £  x  £  1),  equilibrium 
temperature  of  the  air  coolant  is  determined  by  relationships  (9.61)  and  (9.6?).  Due 
to  the  considerable  change  of  the  coefficient  of  heat  transfer  along  the  nozzle 
(see  Fig.  9.8),  calculation  formulas  (9.46)  and  (9.47)  under  the  condition  that 


.  I 


L,  Lf 


(9.72) 


take  the  form 


*«  — 


(9.73) 
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(9.74 ) 


where  a^(x)  is  given  by  formula  (9.20).*  Thus  the  temperature  of  the  wall  is 

determined  by  relationship  (9.48).  Formulas  (9.48),  (9.73)  and  (9.74)  can  be  used 

for  calculation  of  convection  cooling  under  the  condition  that  radiant  heat  transfer 

is  small  as  compared  to  convection  heat  transfer  (s'  *•  0). 

*  r 

Change  of  equilibrium  temperature  of  combustion  products  along  a  ramjet  engine 
and  a  simplified  schematic  diagram  of  the  flow  area  are  presented  in  Fig.  9.26.  The 
solid  lines  in  Fig.  9.27a,  shows  change  of  equilibrium  temperature  of  air  along  a 
cooling  channel  with  height  h  =  20  mm  at  two  values  of  relative  flow  rate  of  air 
coolant  G^/G^.  Temperature  of  the  wall  of  a  ramjet  engine  as  a  function  of  longi¬ 
tudinal  coordinate  x  is  given  for  ej,  «  0  in  Fig.  9.27b  (solid  lines).  An  example  of 
calculation  is  given  for  an  engine  with  diameter  of  the  internal  circuit  of  the  com¬ 
bustion  chamber  =  1.0  m,  with  fKp  =  0.8  and  f  ft  =  2,  flying  at  an  altitude  of  H  = 

=  30,000  m  (Tg  =  231. 3°K,  p2  =  120  kg/m2)  with  speed  corresponding  to  Mg  =  4.0 
(Tg^  =  897°K),  and  maximum  temperature  in  the  combustion  chamber  (Te^)max  =  2200°K. 

From  Fig.  9.27  it  follows  that  for  the 
considered  example,  equilibrium  temperature 
of  the  cooling  flow  (Tg2)  increases  along 
the  entire  cooling  channel,  whereas  tempera¬ 
ture  of  the  wall  of  the  ramjet  engine,  start¬ 
ing  at  the  nozzle  throat,  practically  does 
not  change.  Such  shapes  of  the  curves  are 
explained  by  the  fact  that  along  the  nozzle, 
the  equilibrium  temperature  of  combustion 
products  Tel  and  function  k(x),  which  is 
determined  by  formulas  (9.20)  and  (9.73), 
weakly  depend  on  coordinate  x,  and  the  local 


temperature  of  combustion  products 
along  the  engine  and  geometry  of 
the  nozzle. 


♦With  increase  of  equilibrium  temperature  in  the  combustion  chamber,  adiabatic 
exponent  k  =  kj.  decreases.  Therefore,  the  dimensionless  parameter  a  [see  equation 

(9.20)],  which  takes  into  account  the  influence  of  Mach  number  and  temperature  factor 
on  the  coefficient  of  heat  transfer  or,  changes  very  weakly  along  the  nozzle.  In  the 

example  considered  below,  it  is  possible  to  assume  approximately  that  0  =  0,9  to  1.0. 
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Fig.  9.27.  Change  of  air  tempera¬ 
ture  (a)  and  wall  temperature  (b) 
along  the  cooling  channel  of  an 
engine  during  convection  cooling. 
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coe fiic lent  of  heat  transfer  a^(x)  changes 
considerably  in  the  divergent  section  of  the 
nozzle.  Thus,  for  a  rough  estimate  of  wall 
temperature  of  a  ramjet  engine  during  con¬ 
vection  cooling,  it  is  possible  to  be  limited 
to  thermal  calculation  only  for  the  combus¬ 
tion  chamber  and  the  convergent  part  of  the 
nozzle . 

Let  us  consider  calculation  of  convection 
of  the  entire  engine  in  the  presence  of 
radiation  for  the  combustion  products.  Above 
it  was  assumed  that  radiant  heat  exchange 
in  the  combustion  chamber  is  determined 
mainly  by  radiation  from  a  layer  of  gas  with 
characteristic  temperature  max  =  Tgl  max. 
This  assumption,  with  good  grounds,  can  be 
extended  to  the  convergent  part  of  the  nozzle, 
since  in  this  case  on  the  wall  there  falls 
mainly  radiant  energy  from  the  layer  of  gas 
located  in  the  wider  part  of  the  channel. 

In  the  divergent  section  of  the  nozzle,  the 
process  of  radiation  is  determined  mainly  by 
the  average  thermodynamic  temperature 

T*n+T«.  (9.75) 


1  <»«  2 

This  is  explained  by  two  facts:  1)  the  layer  of  gas  in  the  nozzle  throat  has 
maximum  thermodynamic  temperature,  and  therefore  radiates  the  most  intensely;  2) 
onto  the  walls  of  the  divergent  section  of  the  nozzle  there  falls  mainly  radiant 
energy  from  the  layer  of  gas  located  in  the  wider  part  of  the  channel  (cross  section 
a)  and  having  thermodynamic  temperature  T 

In  accordance  with  the  assumed  scheme  of  radiant  heat  exchange  in  a  ramjet 
engine,  we  will  divide  the  entire  length  of  the  engine  into  three  characteristic 
sections : 


1.  Combustion  chamber  (0  s  x  s  L  ),  where  radiation  is  calculated  according  to 


the  characteristic  temperature  (T  .  )  ,  and  coefficients  a  ,  an  are  practically 

G  -1-  ITIcIa  -L  1 

constant,  and  equal  to  their  averaged  values. 
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2,  The  convergent  part  of  the  nozzle  (L^  *  x  <  ),  where  radiation  is 


determined  as  before  according  to  the  characteristic  temperature 

(*Vi  U,  ">d «|  -  «,  (1),  «, — a^x). 

3.  The  divergent  section  of  the  nozzle  (L r  +  lQ  *  x  *  1^,  +  +  1^,),  where 

radiant  heat  exchange  is  approximately  characterized  by  the rmocynamic  temperature 
Tcp  v  and  a±  -  a^x)  and  a2  =  “2(x). 

In  the  section  of  the  combustion  chamber  (0  s  x  s  Lp),  calculation  of  convection 
cooling  of  the  ramjet  engine  in  the  presence  of  radiation  (er  t  0)  is  carried  out 
with  the  formulas  (9.70)  and  (9.71).  In  the  section  of  the  convergent  part  of  the 
nozzle  (Lp  <  x  s  Lr  +  zc)»  we  take  into  account  the  dependence  (9.20),  approximate 
formulas  for  calculation  of  wall  temperature  and  equilibrium  temperature  of  the  air 
coolant  take  the  form 


.ii. 


(9.76) 


par- 


ix  ♦»*  &  '  ;  4"*  \  uf 


I+-2-+  ■*-**■* 

(fit  K  100  \  too  / 


(9.77) 


where 


t,  -  r.  -  (t,  -rj  *£*[(■*-)•  -  {&)'] 


(9.78) 


It  is  not  difficult  to  see  that  analogous  relationships  for  the  divergent 
section  of  the  nozzle  (Lp  +  ic  s  x  s  Lp  +  lc  +  Lc )  can  be  written  in  the  following  way: 


**-!> 


m- 


*«t  is  ifH  ix  '  '  \  *1  ) 


i + — 4-  A  hj\  J_( 2SH 

+«.  ♦*.  100  \  100  } 


(9.79) 


where 


r--r.-^.p-lt-rj-d£ii[(af.y.(i.yj. 


(9.80) 


On  the  basis  of  (9.20),  the  derivative  da^/dx  is  given  by  the  relationship 
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(9.81) 


Usually  parameter  a  Is  a  weak  function  of  coordinate  x  (see  note  on  p.  4 91  ); 
therefore,  it  Is  possible  to  consider  approximately  that 

Temperature  TQ. ,  which  is  contained  in  relationship  (9.75),  is  calculated 
according  to  the  evident  formula 


r-- 


(9.8;j  ) 


and  Mq1  denotes  Mach  number  at  the  nozzle  exit. 

The  obtained  relationships  make  it  possible  to  completely  calculate  convection 
cooling  the  entire  engine  in  the  presence  of  radiation  from  the  flame.  Results  of 
such  a  calculation  for  the  considered  example  at  two  values  of  flow  rate  of  air 
coolant  are  represented  by  the  dotted  lines  (e^  ^  0)  in  Fig.  9.27.  From  Fig.  9.27b, 
it  follows  that  consideration  of  radiation  from  the  flame  leads  to  a  noticeable 
increase  of  wall  temperature  of  a  ramjet  engine.  For  the  considered  example,  this 
Increase  is  10  to  15^,  depending  upon  the  relative  flow  rate  of  the  air  coolant. 

Let  us  turn  to  solution  of  the  second  part  of  the  problem  of  convection  cooling 
of  a  ramjet  engine.  Using  the  equations  of  flow  rate  and  momentum,  we  will  find 
true  value  of  G2  at  which  there  is  realized  flow  in  a  cooling  channel  of  given 
height  h  at  a  fixed  value  of  stagnation  pressure  at  the  end  of  the  diffuser  (p0fl). 
The  equation  of  flow  rate  written  for  cross  section  has  the  form 


t _?4 L_  .if  l *lh1  .1* 

^  4  *k+!  n  *.+  1  *7  ’ 


(9.83) 


where  k0  —  adiabatic  exponent  for  air  in  the  cooling  channel;* 

reduced  velocity  at  the  inlet  to  the  cooling  channel; 
stagnation  pressure  after  the  diffuser; 
stalling  speed,  determined  by  the  formula 


v- 

p0fl  “ 
# 
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Formula  (9.83)  contains  two  unknown  quantities  Qg  and  X^g.  The  second  relation¬ 
ship  relating  these  quantities  is  the  momentum  equation.  If  we  take  into  account 
the  varying  area  of  the  annular  channel,  heat  supply  and  friction,  this  equation  has 
the  form  [13] 


(9.85) 


where  C2  denotes  the  drag  coefficient  of  the  annular  channel. 

For  each  of  the  selected  values  of  Gg,  equation  (9.85)  is  solved  by  the  method 
of  successive  approximations.  In  the  first  approximation  we  will  assume  that  air 
flows  through  a  cylindrical  (dFg  =  0)  thermally  insulated  (dTe2  =  0)  annular  channel; 
then  equation  (9.85)  is  consideraDly  simplified.  After  separating  variables,  we 
will  obtain 


*: 


*,+  1 


Op»» 


(9.86) 


Lr  +  lc  +  Lc  to 


-Lx  (see  Fig.  9.26), 


Xet  us  note  that  when  x  changes  from  L 
reduced  velocity  in  the  cooling  channel  (Xg)  changes  from  Xag  =  1.0  to  Xfl2, 

Integrating  equation  (9*86)  from  cross  section  a  to  an 
arbitrary  cross  section  with  coordinate  x,  we  find  the 
value  of  in  the  first  approximation 


ID 


j  *.+i 


(9.87) 


Fig.  9.28.  The  parameter 
X2  as  a  function  of  re¬ 
duced  velocity  Xg, 


The  dependence  of  function  x2  on  Xg  is  represented  in 
Fig.  9.28. 

During  approximate  calculation  of  convection  cool¬ 
ing,  it  is  possible  to  consider  that  the  local  drag 
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coefficient  depends  only  on  Reynolds  number  Re: 


C,-/(Re*). 


We  will  replace  by  its  mean  value}  then  formula  (9.87)  takes  the  form 


(9.88) 


where  C2»  *n  dependence  upon  the  range  of  change  of  Reynolds  number  Re,  is  determined 

by  the  formulas 


for  R«  <  10*: 

Re  <  3,4*  I(P. 


(8,89) 


When  x  ■  -L  ,  on  the  basis  of  (9.88)  we  will  obtain  the  reduced  velocity  at  the 


inlet  to  the  cooling  channel 


'•°-h 


(9.90) 


Taking  several  values  of  x  in  the  Interval  (-Lx;  L),  we  will  obtain,  on  the 
basis  of  formula  (9.88),  the  change  of  reduced  velocity  along  the  cooling  channel. 
Integrating  differential  equation  (9.85)  and  substituting  in  the  right  side  in 
place  of  X2  the  first  approximation  of  this  variable,  we  will  obtain  a  formula  for 
calculation  of  the  second  approximation  X^2) 


«W»-,+£nc*+- 
,  ffr-fcTH'V'  r  c+>fV. 

\  iy>V#  1 


(9.oi) 


During  calculation  of  the  first  integral  contained  in  formula  (9.91),  we  should 
consider  the  dependence  F2  =  Fg(x),  and  during  calculation  of  the  second  integral  - 
the  dependence  Te2  =  Te2(x),  which  is  found  during  thermal  calculation  of  the  cooling 
system. 

Substituting  the  second  approximation  X^2)(x)  into  the  integrals  standing  in  the 
right  side  of  equation  (9.91).  we  will  obtain  the  third  approximation  X^)t  This 
process  is  continued  until  the  dependence  X2  =  X2(x)  does  not  depend  on  the  number 
of  the  approximation.  Calculations  show  that  for  practical  purposes,  it  is  suffi¬ 
cient  to  be  limited  to  the  second  approximation.  Using  (9.91).  we  will  obtain  the 


.  .  --v 
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reduced  velocity  at  the  inlet  to  the  cooling  channel 


lW-1+A 


L  +  Lg  r 


*  +  »  D, 


(9.92) 


After  reduced  velocity  X^2  is  found  for  a  given  value  of  G?  =  (c2)  on  the  basis 
of  equation  (9.d3)  we  will  obtain  the  flow  rate  of  ti*. 

assigning  a  series  of  values  of  Gg  =  (62)3'  we  will  find  a  corresponding  series  of 
values  g2  =  (Gg)n,  and  construct  a  dependence  between  obtained  and  given  flow  rates: 


(G,). -/(<&. 

The  true  flow  rate  of  the  cooling  flow  is  realized  when 


(9.93) 


(5.94) 

Consequently,  the  true  flow  rate  Gg  =  (G2)jict  iB  determined  by  'the  point  of 
intersection  of  the  curve  (9.93)  with  the  bisector  of  the  right  angle  (Fig.  9.29). 

After  the  true  value  of  flow  rate  of  air  coolant  (G2)KCT  is  graphically  found, 
there  is  performed  calculation  of  convection  cooling  at  Gg  =  (g2)hct*  Re8ults  of 
such  a  calculation  for  the  considered  example  are  presented  in  Fig.  9. 30.  From  Fig. 
9.30b,  it  follows  that  for  the  considered  example  the  maximum  value  of  wall  tempera¬ 
ture,  even  in  the  presence  of  radiation,  is  (T„)_ov  *  1130°K. 

W  lUeLX 
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Fig.  9.29.  Graphic  determination 
of  the  true  flow  rate  of  air  cool¬ 
ant.  1  -  el  -  0.04,  2  -  e1  =0. 


Fig.  9.30.  Change  of  air  temper¬ 
ature  (a)  and  wall  temperature 
(b)  along  the  cooling  channel  of 
an  engine  during  convection  cool- 
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§  5.  CALCULATION  OF  FLOW  IN  A  TWO-LOOP  CYLINDRICAL  COMBUSTION  CHAMBER 
WITH  CONSIDERATION  OF  HEAT  RELEASE  AND  HEAT  TRANSEEP 
THROUGH  THE  WALL  OF  THE  FLAME  TUBE 


In  a  ramjet  engine  there  are  used  two-circuit  combustion  chambers  (Fig.  9.31). 

In  these  chambers  the  optimum  air-fuel  ratio  at  which  there  ie  realized  the  regime 

of  maximum  economy  is  larger  than  the  air- 
fuel  ratio  at  which  the  process  of  burning 
occurs  the  most  intensely,  l.e.,  with  the 
greatest  completeness.  In  order  to  ensure 
in  the  combustion  chamber  itself  a  highly 
efficient  working  process  and  to  maintain  the 
given  total  air-fuel  ratio,  part  of  the  air 
directly  from  the  diffuser  is  passed  through 
a  secondary  (annular)  circuit.  Starting 
from  the  cross  section  k  (Fig,  9.31). 
secondary  air  is  mixed  with  combustion  pro¬ 
ducts  , 

During  calculation  of  characteristics 
of  a  two-circuit  ramjet  engine  and  the 
cooling  system  of  the  engine,  it  is  necessary 
to  know  the  distribution  of  total  flow  rate  of  air  through  the  circuits.  It  is 
obvious  that  the  given  total  flow  rate  of  air  through  the  motor  is  redistributed 
with  respect  to  the  circuits  of  the  combustion  chamber  depending  upon  hydraulic  and 
thermal  losses. 

Let  us  assume  that  for  a  two-circuit,  engine  with  air  cooling  there  are  given: 

1)  conditions  of  flight  (speed  and  altitude);  2)  regime  of  operation  (overall  air- 
fuel  ratio  Oj.,  fuel  burn-up  curve  and  air- fuel  ratio  through  the  inner  circuit  a^); 

3)  mid-section  of  the  combustion  chamber.  Using  the  given  parameters,  we  are 
required  to  determine:  1)  diameter  of  the  actual  combustion  chamber  ;  2)  all 
gas-dynamic  parameters  along  the  combustion  chamber  and  along  the  annular  channel; 

3)  wall  temperature  of  the  flame  tube. 

The  considered  problem  is  reduced  to  simultaneous  solution  of  the  equations  of 
heat  transfer  and  the  gas-dynamic  equations  for  a  two-circuit  combustion  chamber. 

The  method  of  calculation  of  flow  in  a  two-circuit  combustion  chamber  is  based  on  a 
series  of  assumptions.  Let  us  enumerate  the  basic  assumptions: 

1.  The  fuel  burn-up  curve  is  determined  by  a  linear  function  (Fig.  9,31). 


Fig.  9.31.  Diagram  of  a  two-loop 
combustion  chamber  and  change  of 
temperature  of  the  combustion  pro¬ 
ducts  depending  upon  x. 


This  assumption  does  not  limit  the  generality  of  the  solution  of  the  problem, 
since  any  function  T  ^  =  f(x)  can  be  taken  as  the  fuel  burn-up  curve. 

2.  The  flow  regime  in  cold  and  hot  flowB  is  everywhere  turbulent. 

3.  Calculation  of  heat  exchange  is  performed  with  average  heat  transfer 
coefficients.  The  correctness  of  this  assumption  is  substantiated  in  the  preceding 
paragraph . 

4.  In  accordance  with  the  method  of  calculation  of  characteristics  of  a 
ramjet  engine,  it  is  assumed  that  local  hydraulic  losses  in  the  inner  circuit  are 
concentrated  in  the  section  fll-xi  and  thermal  losses  are  realized  in  the  hot  part 
of  the  combustion  chamber  in  the  section  Xl-Kl  (9.31).  In  the  annular  channel  in 
section  H2-X2  there  occur  only  hydraulic  frictional  losses,  and  in  the  section  X2-K2, 
besides  hydraulic  frictional  losses  there  also  appear  thermal  losses,  caused  by 

heat  flow  through  the  flame  tube. 

5.  Static  pressures  pKl  and  pR2  at  the  end  of  the  flame  tube  (section  K)  are 
equal  to  each  other: 

Ai-Pu*  (9.95) 

This  assumption  is  confirmed  by  experimental  data. 

Let  us  turn  to  solution  of  the  problem  at  hand.  The  main  losses  in  the  annular 
channel  are  frictional  losses.  Then  the  momentum  equation  during  flow  of  gas  in  a 
cylindrical  annular  channel  with  friction  and  heat  supply  has  the  form  [12],  [13] » 
[14] 

(l  -^-£—0  .  <9-96> 

where  X  —  reduced  velocity; 

Tq  —  stagnation  temperature; 

C2  -  coefficient  of  frictional  resistance; 

D  -  equivalent  diameter  of  the  annular  channel; 
k  —  adiabatic  exponent. 

The  coefficient  of  frictional  resistance  C2  is  calculated  by  the  empirical 
formula  (9.89).  In  the  particular  case  of  a  flow  without  hydraulic  losses  (C2  -  0), 
equation  (9.96)  is  integrated  and  takes  the  form  [14] 

(9.97) 
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where  Z(X)  -  X  +  ^; 

XRaw  -  reduced  velocity  In  Initial  section; 

Tq  -  stagnation  temperature  in  initial  section. 

In  the  absence  of  heat  supply  (dTQ  -  0),  equation  (9.96)  is  integrated  and 

takes  the  fora  [14] 

jSj- j  Vjj.  (9-98> 

where 

xW-^fln**.  (9.99) 

Since  the  coefficient  of  frictional  resistance  £2  practically  does  not  depend 
on  the  longitudinal  coordinate  x,  then  equation  (9.98)  will  be  simplified  still  more 

(9.100) 

The  main  losses  in  the  inner  channel  are  local  losses.  Hydraulic  frictional 
losses  can  be  disregarded  during  calculation  of  flow  in  the  burning  circuit.  Local 
flow  friction  are  usually  related  to  velocity  head  ir.  the  initial  section.  Then  the 
resisting  force  is  determined  in  the  following  way: 

f-ct?w/r.  (9.101) 

where  —  local  drag  coefficient  referred  to  velocity  head  in  the  initial  cross 
section; 

q  -  velocity  head  in  the  initial  cross  section; 

H&q 

F  —  cross  sectional  area  of  the  combustion  chamber. 

Applying  the  momentum  equation  to  the  mass  of  gas  contained  between  the  initial 
and  current  sections,  and  considering  the  resisting  force  f,  we  will  obtain  [14] 

p  +  (9.102) 

Using  the  usual  gas-dynamic  relationships,  we  represent  the  momentum  equation 
for  the  inner  channel  in  the  form 


k 

A+l 


Cl*. 


(9.105) 


Let  us  assume  that  there  is  given  the  total  flow  rate  of  air  through  the  motor 
G,  the  overall  air-fuel  ratio  a  and  the  air-fuel  ratio  for  the  actual  combustion 
chamber  a^.  Then  the  flow  rate  of  air  through  the  inner  shell  and  the  annular 
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channel  will  be  determined  by  the  evident  formulas 

0,-C-L;  (9.104) 

•i 

0,-G-G,.  (9.105) 

Taking  a  series  of  values  of  reduced  velocity  at  the  inlet  to  the  annular 
channel  (X^2),  we  calculate  by  the  relative  diameter  of  the  shell  flow  rate 

equation: 

■k-V'-it-t  •  t9106) 


where  q^2  -  reduced  flow  rate  in  cross  section  fl2; 


(9.107) 


In  formula  (9. 107)  denotes  the  total  pressure  at  the  end  of  the  diffuser. 
From  the  flow  rate  equation  for  the  inner  circuit,  there  is  found  the  reduced 
flow  rate  q^  in  cross  section 


(9.108) 


Using  the  momentum  equation  (9.103)  for  the  cold  part  of  the  actual  combustion 
chamber,  we  will  obtain 

(9.109) 

The  momentum  equation  (9-97)  for  the  hot  part  of  the  combustion  chamber,  taking 
into  account  addition  of  fuel,  takes  the  form 

(9.H0) 

where  relative  preheating  is  determined  by  the  formula 

(9.11D 


On  the  basis  of  the  definition  of  function  Z,  reduced  velocity  in  cross  section 
k  is  given  by  the  relationship 


7- 4 1/ (•¥•)' -'■  <9-lls) 

For  each  of  the  selected  values  of  the  momentum  equation  for  the  cooling 

channel  (9.96)  is  solved  by  the  method  of  successive  approximations.  In  the  first 
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approximation  we  will  assume  that  cooling  (secondary)  air  flows  through  a  thermally 
Insulated  channel  (JTgg  ■  0).  Then  equation  (9.96)  Is  considerably  simplified,  and 
aB  a  result  of  integration  is  reduced  to  the  form  (9.98).  Applying  this  equation  to 
the  annular  channel  and  considering  that  when  xHftt}  ■  -Lx,  XHftVJ  -  Xfl2,  we  will  obtain 

x  W’J  -  X0w)  -  -j^-  (911?) 

At  the  end  of  the  shell,  for  the  cross  section  K2,  relationship  (9.113)  takes 
the  form 

(9.114) 

■it  * 

Reynolds  number  Re,  contained  in  formula  (9.89)  for  the  coefficient  of  frictional 

resistance  is  equal  to 

Re,"°*13_^77^T-  (9-115) 

where  h  is  the  height  of  the  cooling  channel; 

A  *_9l=_£l  .  (9.116) 

According  to  the  definition  of  equivalent  diameter  we  have 

D„.,-2A.  (9.117) 

If  radiant  heat  flow  from  the  combustion  products  to  the  wall  of  the  flame 
chamber  is  small  as  compared  to  the  convection  heat  flow,  then  change  of  equilibrium 
temperature  of  the  air  along  the  annular  channel  is  determined  by  relationships 
(9.59),  (9.60),  (9.61)  and  (9.63). 

Incidentally  there  can  be  calculated  the  temperature  of  the  flame  chamber: 


Tn+-*TM 

r.* - a — .  (9.118) 

«+i 

«i 

Calculation  of  radiant  heat  exchange  between  combustion  products  and  the  wall 
of  the  flame  chamber  does  not  present  difficulties,  and  leads  only  to  a  certain 
complication  of  the  formulas  for  calculation. 

By  integrating  the  differential  equation  (9.96)  for  the  annular  channel  and 
substituting  in  the  right  side  in  place  of  Xg  the  first  approximation  of  this 

p 

variable,  we  will  obtain  a  formula  for  calculation  of  the  second  approximation  X2: 


(9.119) 


x(MT) 


^i+l  Aw*  ,  J  »n>' 

It  ! 


During  calculation  of  the  integral  contained  in  formula  (9.119)*  it  is  necessary 

to  consider  the  dependence  Tg2  -  Te2(x),  which  is  found  from  relationship  (9.63). 

Substituting  the  second  approximation  if*  (x)  in  the  integral  standing  in  the 

right  side  of  equation  (9.119)*  we  will  obtain  the  third  approximation  X^,  This 

2 

process  is  continued  until  the  dependence  Xg  ■>  Xg(x)  does  not  depend  on  the  number 
of  the  approximation.  Calculations  show  that  for  practical  purposes  it  is  sufficient 
to  be  limited  to  the  second  approximation.  Using  (9.119),  we  will  obtain  the  reduced 
velocity  at  the  exit  section  of  the  flame  chamber  taking  into  account  heat  addition 
to  the  air  coolants 


(***)- 


Lr  +  Lr 


-f 


*»+l 


C*- 


2±i._£i 

l*  Tn 


(9.120) 


Using  the  condition  of  equality  bf  static  pressures  in  section  H,  we  will  obtain 

(9.121) 


Applying  the  flow  rate  equation  to  crosB  sections  fll  and  Kl,  we  will  obtain 

-fc*-— (9.122) 

Am  *<» 

From  the  flow  rate  equation  for  the  annular  channel  on  section  fl2  to  k2,  we 
will  find 


(9.123) 


|/r 

Ai  fit 

where  t2  is  the  relative  preheating  of  air  in  the  cooling  channel; 

—  Jhds”.  •  (9.12k) 


i 

tI=T 


Using  the  formula  for  reduced  flow  rate 

0 

and  considering  the  relationships  (9.121),  (9.122)  and  (9,123),  we  will  obtain 
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(9.126) 


q  -q  + 1.:1  . 

The  true  values  of  Xfl2  and  qfl2  at  which  the  considered  flow  is  realized  are 
found  by  means  of  graphical  solution  of  the  equations 

After  the  true  value  of  Xfl2  is  found,  determination  of  true  values  of  the 
remaining  parameters  (X^,  X^,  h  and  others)  can  be  carried  out  either  graphically 
or  analytically. 


§  6.  BOUNDARY  COOLING 

The  problem  consists  of  determination  of  the  wall  temperature  of  a  ramjet  engine 
T„  =  Tw(x)  and  the  flow  rate  of  air  coolant  G2  flowing  through  an  annular  channel  of 
given  height  h  which  is  formed  by  the  outer  wall  of  the  motor  and  the  cylindrical 
shell.  There  are  considered  to  be  given  the  followings  total  pressure  of  the  flow 
at  the  inlet  to  the  annular  channel,  geometry  of  the  engine,  gas-dynamic  parameters 


and  total  flow  rate  of  air  passing  through  the  engines 

G  =  G1  +  G2,  (9-127) 

where  G^  is  the  flow  rate  of  the  hot  flow. 

The  hot  part  of  the  motor  of  length  L,  made  of  heat  resistant  material  with 

maximum  permissible  wall  temperature  of  will  be  subject  to  cooling.  Air  coolant 

is  withdrawm  from  the  diffuser  and 

flows  in  an  annular  channel  with 

height  h  (Fig,  9.52). 

Calculation  of  boundary  cooling 

*  of  the  engine  is  based  on  a  series 

of  assumptions,  part  of  which  are 

substantiated  above  (see  assumptions 

Fig.  9.32.  Schematic  diagram  of  boundary  given  in  §  3»  Chapter  IX,  except 

cooling. 

for  Paragraph  6).  Let  us  enumerate 


Fig.  9.32.  Schematic  diagram  of  boundary 
cooling. 


a  series  of  additional  assumptions  with  their  corresponding  substantiations: 
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1.  Static  pressures  p,^  and  pK2  in  the  beginning  of  the  mixing  region  (section 
K  in  Fig.  9.32)  are  equal  to  each  others 

Pwl  ■  Pa* 

This  assumption  is  confirmed  with  a  sufficient  degree  of  accuracy  by  experimental 

data. 

2.  It  is  considered  that  regularities  established  for  temperature  profiles  at 
moderate  flow  velocities  are  approximately  satisfied  for  stagnation  temperature 
profiles  at  elevated  flow  velocities. 

3.  The  problem  of  air-boundary  cooling  is  solved  for  a  flat  thermally  insulated 
wall  without  taking  into  account  radiation.  Therefore,  in  the  present  Investigation 
it  is  assumed  that  all  heat  transmitted  from  the  gas  to  the  wall  by  radiation  is 
removed  by  a  convective  cooling  flow. 

4.  The  cooled  part  of  the  engine  of  length  L  during  calculation  of  temperature 
of  the  wall  and  the  external  boundary  of  the  mixing  region  is  taken  to  be  approxi¬ 
mately  cylindrical.  Below  there  are  given  experimental  data  on  air-boundary  cooling 
of  a  supersonic  nozzle. 

5.  Heat  transfer  through  the  internal  shell  is  absent;  moreover  in  the  annular 
channel  in  the  section  fl2-K2  there  occur  only  hydraulic  losses.  Such  an  assumption 
is  strictly  fulfilled  for  a  thermally  insulated  shell,  and  approximately  for  a 
shell  for  which  section  H2-K2  is  considerably  less  than  section  JB2-X2  (Fig.  9*32). 

During  solution  of  the  problem  about  boundary  cooling  there  is  used  the  equation 
of  heat  balance,  and  also  the  continuity  and  momentum  equations  for  flow  in  an 
annular  channel.  As  a  result  of  solution  of  the  system  of  equations  it  is  required 
to  find  change  of  temperature  of  the  wall  Tw  depending  upon  x,  the  reduced  velocity 
of  the  cooling  flow  at  the  inlet  to  the  annular  channel  and  the  flow  rate  of 
air  coolant  Gg. 

We  will  break  the  formulated  problem  up  into  the  thermal  problem  and  the 
hydraulic  problem.  In  distinction  from  convection  cooling,  the  hydraulic  problem 
under  the  assumptions  which  have  been  made  (see  Paragraph  5)  is  solved  independently 
of  the  thermal  problem.  Therefore  during  solution  of  the  thermal  problem,  flow  rate 
of  the  air  coolant  Gg  (or  velocity  of  the  cooling  flow  at  the  outlet  from  the 
annular  uKg  =  Ug)  is  considered  to  be  known.  During  solution  of  the  hydraulic  pro¬ 
blem,  on  the  basis  of  the  momentum  equation  and  the  flow  rate  equation  there  is 
determined  the  true  value  of  Gg  (or  uRg)  at  which  flow  in  an  annular  channel  of 
given  height  h  is  realized. 


■  •»* 


p 


Holding  to  the  accepted  sequence  of  account,  let  us  turn  to  solution  of  the 
thermal  problem.  On  the  busis  of  the  equation  of  the  heat  balance  and  regularities 
of  turbulent  mixing  of  nonisothermal  flows  near  a  solid  wall,  we  will  find  the  law 
of  temperature  rise  of  the  wall  along  the  engine.  Let  us  give  the  basic  results 
of  investigation  of  boundary  cooling  of  a  flat  wall.  For  the  purpose  of  simplifica¬ 
tion,  boundary  cooling  is  considered  at  constant  temperature  of  the  hot  flow: 

T1  s  Tel  =  const.  This  assimption  is  not  too  strong,  and  later  it  will  be  possible 
to  disregard  it. 

Theoretical  and  experimental  investigation  of  boundary  cooling  has  been  carried 
out  for  any  ratio  of  velocities  of  boundary  (u^  =  ug)  and  main  (uK1  =  u^)  flows 
and  for  sufficiently  large  distances  from  the  nozzle  exit  <-■■•■<  150.  Theoretical 
conclusions  are  based  on  the  use  of  the  integral  relationship  of  momentum  and  the 
integral  relationship  of  enthalpy.  All  reasonings  are  ba'jed  mainly  on  the  experi¬ 
mental  fact  of  self-similarity  of  velocity  profiles  and  temperature  profiles  (Figs. 
9.53  and  9.34). 

On  the  basis  of  experimental  data  there  has  been  estiblished  the  physical 
picture  of  mixing  of  nonisothermal  flows  (Fig.  9.35).  With  accuracy  sufficient  for 

practical  purposes  we  may  assume  that 
the  boundaries  of  dynamic  and  thermal 
boundary  layers  coincide. 

The  entire  region  of  flow  can  be 
divided  into  two  characteristic  sections: 
initial  and  basic.  The  initial  section 
(Fig.  9.35)  directly  adjoins  the 
dividing  wall  and  is  characterized  by 
the  presence  of  a  core  of  constant 
velocity  Ug  and  constant  temperature 
Tg2.  In  the  initial  section  the 
boundary  layer  adjacent  to  the  wall 
practically  does  not  interact  with  the 
free  turbulent  boundary  layer.  With 
increase  of  distance  from  the  dividing 
wall,  the  transverse  dimension  of  the 
core  of  constant  parameters  gradually 
decreases,  and  in  the  transition  section 

(x  =  x*)  becomes  zero.  It  is  assumed  that  directly  after  the  transition  section 
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there  follows  the  main  section,  In  which  the  houndary  layer  adjacent,  to  the  wall 
interacts  with  the  free  turbulent  boundary  layer  (x  >  x*). 

Volocity  profiles  consist  of  two  characteristic  sections  (Fig.  9. 55).  N< nr 
the  wall  the  velocity  profile  has  the  usual  form  of  a  turbulent  profile  during 
flowing  around  a  flat  plate.  Directly  to  this  section  of  the  velocity  profile  there 

adjoins  a  second  section,  which  corresponds  to  the  region  of  Jet  mixing  of  flows 

(see  Fig.  9.55). 

Geometry  of  the  flow  in  the  initial  section  (x  <  x")  is  completely  determined 
by  the  thickness  of  the  boundary  layer  b  and  boundaries  y1  and  y,,  of  the  region  of 
turbulent  mixing.  The  transition  section  is  characterized  by  the  following  evident 
condition:  when  x  »  x*,  y2  *  6.  The  geometry  of  the  main  section  is  determined  by 

the  thickness  of  the  boundary  layer  0  and  the  external  boundary  of  the  region  of 

Jet  mixing. 

In  the  main  section  there  occurs  transformation  of  velocity  and  temperature 
profiles.  Velocity  uQ  (at  y  6)  within  the  limits  of  the  main  section  is  n  variable 
magnitude:  with  increase  of  x  from  x*  to  a,  velocity  u0  changes  from  u?  to  u.. 
Furthermore,  with  change  of  x  from  x*  to  <d,  wall  temperature  Increases  from  Tp?  to 


Use  of  boundary  conditions  of  the  fourth  Kind  along  with  the  condition  of 


thermal  insulation  of  the  wall 


f— ) 

\a»/H 


(9.128) 


gives  us  grounds  to  consider  that  the  wall  temperature  is  equal  to  the  temperature 


of  the  flow  at  y  ■  0: 


(9.129) 


Characteristic  temperatures  in  each  section  are  the  temperature  of  the  hot. 
flow  Te^  and  the  wall  temperature  Tw  (see  Fig.  9.55).  At  any  velocities  of  the 
boundary  flow,  velocity  and  temperature  profiles  are  self-similar,  and  are 
satisfactorily  approximated  by  simple  analytic  dependences. 

Let  us  give  a  brief  account  of  the  theoretical  results.  The  problem  of  boundary 
cooling  of  a  flat  wall  is  formulated  in  the  following  way:  there  are  given  velocity 
and  temperature  of  the  main  (u^,  Tel)  and  boundary  (u^,  Tg?)  flows  In  the  initial 
cross  section  (x  =  0).  Furthermore,  there  is  given  the  length  L  of  the  cooled  wall 
(for  unit  width)  and  height  h  of  the  cooling  slot. 

It  Is  required  to  determine  the  maximum  wall  temperature  T  at.  x  =  L, 


■-'A  ®tvaSb>f; 


FT 


Tm(L)-Twm 


on  the  assumption  that  for  any  x  there  is  satisfied  the  condition  of  thermal  insuln- 


tion  of  the  wall 


/  dT\ 
Wy-C 


0.  The  proposed  formulation  of  the  thermal  problem  is 


(0.1 50) 


not  unique.  Thus,  for  instance,  if  there  is  given  the  maximum  permissible  well 
temperature  T^  and  the  height  of  the  slot,  then  solution  of  the  problem  consists 
of  determination  of  the  cooled  length  L. 

Along  with  the  method  of  determination  of  the  temperature  of  a  thermally 


insulated  wall  depending  upon  coordinate  xs 


r.-T.(x), 


(9.151 ) 


below  there  are  given  formulas  for  calculation  of  fields  of  velocity  and  temperature. 
True  fields  of  velocity  and  temperature  in  the  engine  must  be  known  for  determination 
of  the  economy  of  a  ramjet  engine  with  air-boundary  coolind  and  for  detailed  study 
of  the  working  process. 

Basic  dimensionless  parameters  determining  the  temperature  of  the  thermally 
insulated  wall,  and  also  tne  fields  of  velocities  and  temperatures  are: 

1)  the  ratio  of  outflow  velocity  of  the  boundary  flow  (u2)  to  the  velocity  of 
the  main  flow  (u^) 

(9.131’) 

■ i 

2)  the  ratio  of  temperature  of  the  boundary  flow  at  the  outlet  from  the  slot 


(Te2)  to  the  temperature  of  the  main  flow  (Tgl) 

(9.153) 

*« 

P 

3)  turbulence  constant  c  (at  m  /  1)  or  turbulent  diffusion  coefficient 

p 

DTm  /sec  (at  m  «  1.0); 

4)  Reynolds  number  Re  calculated  according  to  parameters  of  the  hot  flow  end 
according  to  the  height  of  the  slot  h  (or  the  length  of  the  hot  wall  L): 

(or  Re«-^-).  (9.134) 

For  determination  of  external  (y^)  and  internal  (y?)  boundaries  of  the  region 
of  Jet  mixing  (m  /  1  and  x  <  x#),  there  is  used  the  integral  momentum  relationship, 
applied  once  for  the  entire  region  of  free  turbulence  and  a  second  time  only  for 
half  of  it.  Thus,  there  are  obtained  two  equations,  with  solution  of  which  turbulen 
friction  is  determined  according  to  the  known  formula  of  Prandtl  [15].  It  has  been 
experimentally  established  that  during  boundary  and  combined  cooling  of  a  ramjet 
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engine  the  velocity  of  the  cold  flow  is  loss  than  the  velocity  of  the  main  flow  or, 

In  the  limiting  case,  is  equal  to  It,  Therefore,  subsequently  there  are  given 
results  pertaining  only  to  the  most  Interesting  case  from  the  practical  point  of 

view,  m  s  1.0. 

In  Pig,  9.36  there  are  presented  results  of  calculation  of  boundaries  of  the 
region  of  turbulent  mixing  of  noriisoth  i  flows  at  m  <  1  and  at  values  of  T  ,,  ■ 

=  0.2,  0,6  and  1,0,  Ordinates  y^,  y0  ami  q  are  thus  measured  from  the  edge 
separating  main  and  boundary  flows.  From  the  presented  graph  it  follows  that  the 
positions  of  the  boundaries  of  the  mixing  flowB  essentially  depends  on  the  parameter 

i 

m. 

During  derivation  of  the  working  formulas  there  are  used  the  basic  regularities 
of  the  theory  of  free  streams  [15].  These  regularities  have  received  experimental 

confirmation  only  when  there  exists  a 
considerable  difference  in  the  speeds 
and  u2  of  the  mixing  flows.  Theoretical 
boundaries  of  the  region  of  turbulent  mixing 
(Fig.  9.36)  will  satisfactorily  agree  with 
experimental  data  only  at  m  <  0.6.  Diver¬ 
gence  of  theoretical  and  experimental  data 
during  change  of  parameter  m  in  the  interval 
(0.6,  1,0)  is  apparently  explained  by  the 
fact  that  in  this  region  of  the  ratio  of 
speeds,  there  exists  a  more  complicated 
mechanism  of  mass  transfer,  which  is 
determined  not  only  by  the  difference  of 
speeds  of  the  mixing  flows,  but  also  by 
turbulent  diffusion.  It  is  not  excluded 

Fig.  9.36.  Boundaries  of  the  that  with  accumulation  of  experimental  data, 

region  of  mixing. 

the  field  of  application  of  the  obtained 
solution  will  be  more  precisely  defined. 

On  the  basis  of  theoretical  and  experimental  data,  it  is  possible  to  shov;  that 
the  formula  for  calculation  of  thickness  of  the  boundary  layer  adjacent  to  the  wall 
during  mixing  of  nonisothermal  flows  has  the  form 


6 


(9.135) 
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whero  parameter  pw  is  determined  by  the  formula 

(9.1*) 

Thus,  during  mixing  of  nonisotherm?!  1  flows,  the  thickness  6  depends  on  tho 
ratio  of  temperatures  on  the  boundary  6  and  on  the  wall.  It  has  been  experimentally 
established  that  along  the  wall  temperatures  T^  and  Tw  are  changed  practically 
proportionally,  so  that  with  an  accuracy  to  10$,  the  quantity  pw  preserves  a  constant 
value.  Thus,  for  instance,  when  Tg2  -  0,3  to  0.4,  the  numerical  value  of  parameter 
pw  is  1.2-1, 3. 

Subsequently  all  linear  dimensions  will  be  referred  to  the  height  of  tne  slot, 
h.  Let  us  introduce  parameter  K,  which  characterizes  the  boundary  layer  adjacent 
to  the  wall; 


a.sr  r  i  |T 

"  R •'(*  |f*lP^  +  0.3(t-P.)|j 


(9.137) 


On  the  basis  of  (9.179)  and  (9.137),  we  will  obtain 


(9.13H) 


where  c  —  turbulence  constant, 


6  =  ^  and  x 


x 

P 


Re^  —  Reynolds  number,  calculated  by  the  formula  (9.13*0. 

From  the  flow  diagram  (see  Fig.  9.35),  it  follows  that  the  internal  boundary 

of  the  mixing  zone  is  determined  by  the  relationship 

/  -  \ 

(9.1 39 ) 

"  '  ■  \  «•*  '• 

.2 


The  quantity  y^/ccx  characterizes  the  slope  of  the  inner  boundary  y2,  and  at 
given  m  and  Tg2  is  found  by  the  graph  shown  in  Fig.  9.36. 

The  length  of  the  initial  section  is  determined  by  the  equation  (see  Fig.  9.3r>) 

•(*•)-*(*•).  (9.1*10) 

Using  (9.138)  and  (9.139)»  we  will  represent  relationship  (9.140)  in  the  form 


(9. l'»l ) 


c?  /_  2. 


constants  c‘ 


From  Fig.  9.37  it  follows  that  the  thickness  of  the  boundary  layer 
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The  result  of  solution  of  this  equation  for  different  values  of  K  and  yg/c  x 
is  presented  in  Fig.  9.37.  Parameter  K  is  changed  within  quite  wide  limits  and 
practically  encompasses  the  whole  possible  range  of  Reynolds  numbers  Re^  and  turbulence 
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Fig.  9.37.  Length  of  the  initial  section  at  m  <  1. 


on  Iho  wall  greatly  affects 
the  length  of  the  ln1il.nl 
section  (different  inti  on 
of  the  curves  according 
to  values  of  parameter  K). 
With  decrease  of  the 
difference  between  speeds 
of  the  mixing  flows  (m  -► 

-*  1),  the  length  of  the 
initial  section  considerably 
increases . 

It  is  not  difficult 
to  see  that  the  external 


boundary  of  the  region  of 


turbulent  mixing  (for  m  <  1.0)  is  calculated  by  the  formula 


(9.142) 


where  parameter  y^/c^x  is  determined  by  the  graph  shown  in  Fig.  9.J6,  for  corres¬ 
ponding  values  of  m  and  Teg.  For  the  transition  section  relationship  (9,142) 


takes  the  form 


tf-1 +(-£-)<■*•>• 


(9.1'13) 


The  given  formulas  completely  determine  the  geometry  of  the  flow  in  the  initial 


and  all 


section  and  are  applied  for  m  <  0.6, 

Referring  all  velocities  to  the  characteristic  velocity  (u  .  H_),  «„d  all 

temperatures  to  the  characteristic  temperature  Te^T  =  ^ we  will  give  a  forinul? 

for  calculation  of  profiles  of  u  and  T  in  the  initial  section  (c2x  §  c2x*^  at  m  < 

<  0.6.  The  velocity  profile  in  the  initial  section  is  determined  by  relationships 


“ m  for  0  <  y  <  8,  | 

for  S<V<~Vv 

—  m  +(1  —  m)  ^1  —  ^  j  ]^)T]  f°r 


UmmlK 


(9.144) 


O  p 

Under  these  same  conditions  (m  <  0.6;  c‘x  *  c  x*),  for  calculation  of  the 
temperature  ;  rofile  there  are  obtained  the  following  formulas: 
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(9.1*5) 


for  0 <y<yv 


Let  us  turn  to  determination  of  parameters  of  the  flow  in  the  main  section  for 
the  case  when  velocity  of  the  cold  flow  is  less  than  the  velocity  of  the  hot  flow 
(m  <  1).  On  the  basis  of  (9.138)  and  (9.142),  we  conclude  that  6  and  y^^  are  known 

a—  p—  pr-_ 

functions  of  c  x  also  within  the  limits  of  the  main  section  (c  x  >  c  x  ). 

On  the  basis  of  the  integral  relationship  of  mementum 


•  i 


(9.146) 


we  will  obtain  an  equation  for  determination  of  velocity  on  the  boundary  of  the 
boundary  layer  adjacent  to  the  wall  od  =  Ug/u^*  during  mixing  of  nonisothermal  flows 

F (••  ?»«p)  -*(«;  (9.147) 

The  dependence  of  auxiliary  function  F  on  id  for  different  values  of  pbcp  Is 
represented  in  Fig,  9.J8.  In  formula  (9.147),  "p&  cp  denotes  the  average  Integral 
„  .  (over  the  length  of  the  cooled  sect  Lon)  value  of 


JO 


Fig.  9.38.  Graph  for  deter¬ 
mination  of  velocity  during 
air-boundary  cooling. 


density  on  the  boundary  of  the  boundary  layer 
adjacent  to  the  wall: 


-M 


(9.148) 


Velocity  cu  =  Ug/u^  as  a  function  of  c^x  is 
determined  by  Fig,  9,38  and  formula  (9.147)  by  the 
method  of  successive  approximations.  The  average 
magnitude  of  density  P6Cp  in  the  first  approxima¬ 
tion  is  taken  equal  to  unity,  after  which,  accord¬ 
ing  to  formula  (9.147),  for  every  value  of  y. 


♦Subsequently,  velocity  uQ  on  the  boundary  of  the  boundary  layer  adjacent  to  the 
wall  (see  Fig.  9.35)  will  be  designated  by  Ug. 
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there  is  determined  F(u>j  pc  cp^  and  from  the  graph  In  (Mg.  9. 38)  there  is  found  the 
coi responding  value  of  (0,  Using  the  found  velocity  in  calculation  of  the  temperaturo 
field  (see  below) ,  we  will  obtain  the  distribution  of  p6  -  1/T&  with  respect  to  e^x. 

By  formula  (9.148)  there  is  found  the  refined  value  of  P6  gp,  after  which  there  ia 
again  performed  calculation  of  velocity  for  p6  cp  f  1.  Zt  has  been  established  that 
the  third  approximation  practically  coincides  with  the  second.  Therefore,  during 
calculations  of  u>  we  should  be  limited  only  to  the  first  two  approximations. 

The  temperature  of  the  thermally  Insulated  wall  in  the  main  section  is  determined 
from  the  integral  relationship  of  enthalpy,  which  at  T  j  -  const  has  the  form 

?pa(!  —  const  (9.149) 


Using  the  self-similarity  of  velocity  and  temperature  profiles, 
equation  (9.149)  to  the  form 

t(«;  7J  —  t(«;  *: 


we  will  reduce 


(9.150) 


Determination  of  temperature  of  the  wall  Tw  by  formula  (9.150)  is  performed  in 
the  following  ways  according  to  y^  there  is  calculated  the  magnitude  y,  and 
according  to  y,  co  and  z6,  from  the  graphs  (Fig,  9.59)  there  is  found  the  corresponding 
value  of  Tw. 

The  dependence  of  function  y  on  parameters  os,  and  Tw  is  represented  in 
Fig.  9.39.  Parameters  z&  and  z*  are  found  by  the  formulas 


(9.151) 

(9.159) 


Temperature  T^,  which  is  necessary  for  calculation  of  pB cp  (9.148) ,  is  given  by 
the  relationship 

+  *?)*•  (9.153) 

Profiles  of  velocity  and  temperature  in  the  main  section  at  m  c  1.0  are 
calculated  by  the  formulas 


-  V  ' 
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forO<y  <6, 

forkj  "  J|, 


,  l 


(9.154) 


— ^ - — 


* "'t  +  0  —  *»)p  _  J  J  i'orO<y'lf\- 


f.  i 


Fig.  9.39.  Graph  for  determination  of  wall  temperature  during 
air-boundary  cooling. 

We  use  the  above  method  for  determination  of  temperature  of  the  thermally 
insulated  wall  at  m  <  1.0.  Analysis  of  the  obtained  formulas  shows  that  dimensionless 


temperature  of  the  vrall  is  a  function  of  the  following  basic  parameters: 


T. —/(<•£  *,  Tn>  K). 


(9.156) 


Calculations  carried  out  for  a  quite  wide  range  of  changes  of  these  parameters 
encompass  operating  regimes  of  the  combustion  chamber  of  a  ramjet  engine  having  the 
highest  heat-releast  rates.  Length  of  the  cooled  wall  is  within  the  limits  from 

o— 

0  £  c  x  £  2.0.  During  theoretical  calculations,  the  ratio  of  velocities  of  the  mixing 
flows  changed  from  0.2  to  0,9:  0,2  £  m  .s  0.9.  Let  us  remember  that  results  of 

calculation  of  the  boundaries  of  mixing  by  the  jet  method  will  satisfactorily  agree 
with  experimental  data  at  m  s  O.G-O.'f.  In  Fig.  9.^0a  and  b,  there  are  represented 
results  of  calculation  of  wall  temperature  (Tw)  at  K  =  0  and  at  Te2  =  0  ,2  and  0.6. 


*******  ,  ,  $ 


'■'"'.Vi'  ?  '  ■' 


",  -i... 

V-  <*■**.■  v.  ...  .  ■" 


Analogous  data  for  K  ■  4  at  the  same  temperatures  Teg  are  shown  in  Fig.  9.40c  and  d. 
Using  linear  interpolation  with  respect  to  parameters  K  and  Tegj  we  will  determine 
the  temperature  of  the  thermally  insulated  wall  l’w  for  any  specific  conditions  of 

cooling  at  n  <  1.0. 


Tm 

4* 


L’iPS 


wimmmu  iisii 

nvpsir^ppis 

wrjmmmn&mm 


I  *1  V  tf  di 


*) 


■ 

■ 

■ 

p 

p 

p 

p 

■ 

■ 

0 

■ 

■ 

51 

■ 

2 

0 

m 

2 

1 

p 

p 

■ 

■ 

2 

p 

p 

p 

p 

p 

■ 

■ 

K 

P 

p 

p 

p 

P 

■ 

P 

2 

P 

3 

m 

p 

2 

5 

■ 

m 

m 

5 

p 

■ 

p 

p 

1 

«♦ 


o 


P 

P 

P 

era 

P 

P 

■ 

■ 

■1 

P 

P 

2 

p 

ri 

s 

m 

P5 

R 

2 

p 

2 

5 

5 

P 

p 

2 

5 

2 

P 

P 

p 

s 

E 

12 

p 

S 

P 

P 

p 

P 

P 

fi 

K 

P 

R 

P 

■ 

■ 

P 

P 

Fig.  9.40.  temperature  of  the  wall  during  air-boundary 
cooling. 
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The  basic  mechanism  of  mass  transfer  in  the  transverse  direction  at  m  »  1.0  is 
the  mechanism  of  turbulent  diffusion,  which  is  determined  by  the  turbulent  diffusion 
coefficient 

DT»laai  — const,  (9.157) 

where  X  —  scale  of  turbulence; 

e  —  degree  of  turbulence  of  the  incident  flow, 
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This  mechanism  will  also  be  the  basic  mechanism  for  a  certain  interval  of  values 
of  m  in  the  neighborhood  of  unity.  At  present  it  is  impossible  to  indicate  this 
interval  strictly.  Let  us  assume  conditionally  that  the  solution  of  the  problem 
obtained  on  the  basis  of  turbulent  diffusion  at  m  -  1.0,  is  applicable  for  values  of 
m  in  a  certain  interval  0.9  *  m  *  1.1. 

Introducing  the  nondimens ional  turbulent  diffusion  coefficient 

P-  —  .  (9.158) 

we  will  represent  the  thickness  of  the  boundary  layer  adjacent  to  the  wall  in  the  form 

•  (9.159) 

where 

K  _  o.w  f  i  |t 

1  fhJlP*.+  0*3<l-‘p->W  ‘  (9.160) 


(9.160) 


Due  to  the  different  temperatures  of  the  cold  and  hot  flows,  there  appears  a 
thermal  boundary  layer  with  boundaries  y^  and  yg.  Use  of  the  integral  enthalpy 

relationship  once  for  the  entire 


-A 

t  V  Tu 

Fig.  9.41.  Boundary  of  the  mixing  region 
(m  ««  1.0) . 


region  of  the  thermal  boundary  layer 
and  a  second  time  for  half  of  it  makes 
it  possible  to  determine  the  change 
of  boundaries  y^  and  y-g  depending 
upon  coordinate  x  and  parameter  Te?. 
In  the  case  of  turbulent  diffusion. 


(m  *<  1.0).  boundaries  y^,  y£  and  the  width  of 

the  thermal  boundary  layer  q  are 

changed  proportionally  to  /x.  The  dependence  of  geometric  characteristics  of  flow 
on  the  parameter  Tgg  (at  m  *>  1.0)  is  represented  in  Fig.  9.41.  Thus  the  inner 
boundary  of  the  thermal  boundary  layer  is  calculated  by  the  formula 


(9.161) 


Using  (9.159)  and  (9.161),  we  will  obtain  an  equation  for  determination  of  the 
length  of  the  initial  section  Dx*  in  the  case  of  turbulent  diffusion 


c,[(o*-*)T] 


(9.162) 


|  . 
$ 
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iTO 


Fig.  9.42.  Length  of  the  initial 
section  (m  *  1.0) . 


In  Fig.  9.42  there  is  given  the  result  of 
calculation  of  the  length  of  the  initial 
section  Dx*  for  different  values  of  parameters 
Tg2  and  K^.  Parameter  is  contained  within 
the  limits  [0-8]  and  covers  practically  the 
whole  possible  range  of  change  of  Reynolds 
number  Re^  and  coefficient  D.  Increase  of 
thickness  of  the  boundary  layer  adjacent  to 
the  wall  (growth  of  K^)  leads  to  considerable 
decrease  of  the  length  of  the  initial  section 
(see  Fig.  9.42). 

The  outer  boundary  of  the  region  of  turbu¬ 
lent  diffusion  is  determined  by  the  relationship 


For  the  transition  section  this  equation  gives 


(9.16?) 


(9.164) 


Let 

profiles 


us  give  formulas  for  calculation  of  velocity  profiles  and  temperature 
in  the  initial  section  (Dx  *  Dx*)  in  the  presence  of  turbulent  diffusion 


r-T* 

f»7rt+(l 


8  —  IjO  at 


o<y<y, 

at  0 <7<to, 

t  _  _  _ 

at  Vi<y<yi- 


(9.165) 


(9-166) 


Temperature  of  the  thermally  Insulated  wall  in  the  main  section  is  determined 
from  the  integral  enthalpy  relationship  (9.149),  which  when  m  «  1,0  is  reduced  to 
the  form 

♦  (V.  f«)  -(■=■)  (9.167) 


i 


« 


t 


i 


i 


-478- 


Fig.  9.^3.  Graph  for  determination 
of  wall  temperature  during  air¬ 
boundary  cooling. 


The  dependence  of  function  <J>  on  parameters 

z&  and  Tw  is  represented  in  Fig.  9.43.  For 

determination  of  the  geometric  characteristics 
* 

z&  and  z&,  there  are  used  formulas  (9.151)  and 
(9.152).  With  the  help  of  Fig.  9.43  and 
relationship  (9.167),  calculation  of  tempera¬ 
ture  of  the  wall  is  carried  out  in  the  follow¬ 
ing  ways  from  the  known  (in  the  given  cross 
section  x)  velue  of  y^,  on  the  basis  of  (9.167), 
there  is  found  the  magnitude  of  then  from 
the  graph  (for  known  z&)  there  is  determined  the 
corresponding  value  of  T  . 

Profiles  of  velocity  and  temperature  in 
the  main  section  at  m  «  1.0  are  determined  by 
the  following  relationships: 

““(f)T  (9.168, 

#■*  1,0  for$<0<0|, 


t. + (i — r.)[i — ^  ]-  for0  <a<yi. 


(9.169) 


Analyzing  the  obtained  results,  we  conclude  that  in  the  case  of  turbulent 
diffusion,  dimensionless  wall  temperature  is  a  function  of  the  following  basic 
parameters : 

T9-f[Dr,  KJ.  (9.170) 

By  the  given  method  there  is  calculated  the  wall  temperature  in  the  neighborhood 
of  m  «  1.0  for  a  comparatively  large  range  of  change  of  basic  parameters.  Thus,  for 
instance,  in  the  calculations  it  is  assumed  that  the  length  of  the  cooled  section 
changes  within  the  limits 

0  <  Dx"<  2,0, 

and  the  ratio  of  temperatures  of  the  mixing  flows  satisfies  the  inequality 

0,2  <  0,6. 

In  Fig.  9.40e,  for  different  values  of  parameter  Tgg  there  is  given  change  of 
dimensionless  temperature  along  the  flat  wall  in  the  absence  of  a  boundary  layer 
adjacent  to  the  wall  (K^  =  0).  Analogous  dependences  in  the  presence  of  a  boundary 


layer  (K^  -  8)  are'  shown  in  Fig.  9.40f.  Thus,  for  m  ■»  1.0  and  given  parameters 
and  Tgg#  temperature  of  the  wall  is  determined  by  linear  interpolation  of  the 
dependences  represented  In  Fig.  9.40e  and  f. 

In  Fig.  9.44,  the  points  represent  experimental  values  of  temperature  of  the 
thermally  lnsulatod  wall  during  boundary  cooling.  In  the  same  place  the  solid  lines 
represent  theoretical  dependences  obtained  by  the  proposed  method.  Satisfactory 
coincidence  of  theoretical  and  experimental  data  with  selection  of  only  one  experi- 

p 

mental  constant  (c  or  D)  indicates  that  the  obtained  theoretical  solution  correctly 
reflects  the  physical  essence  of  the  phenomenon. 


•tap's  vain*  of  5  corr»si>oriis  to  tnnlltr  tie  i.Jit  of  vhe  -  lot  h  la' e 
formula  (j,l5a)). 


We  will  present  results  of  the  experimental  investigation  of  air-boundary  cool Lng 
in  a  simple  model  of  a  supersonic  nozzle.  Experiments  were  conducted  with  an  axially 
symmetric  conical  nozzle  designed  for  M  =  3.0.  The  angles  of  opening  of  the  super¬ 
sonic  parts  of  the  nozzles  were  20  and  30°,  and  the  throat  diameter  was  equal  to 
6.25  mm. 

Air  coolant  was  fed  through  the  annular  slot  in  the  subsonic  part  of  the  nozzle 
near  t  h£  throat . 

In  the  process  of  experiment  there  was  measured  the  temperature  of  the  thermally 
Insulated  wall  of  the  supersonic  nozzle  In  the  presence  of  boundary  cooling. 

In  Fig.  9.45,  for  several  flow  rates  of  air  coolant,  there  are  given  experimental 
values  of  temperature  of  the  thermally  Insulated  wall  of  a  supersonic  nozzle  during, 
boundary  cooling.  As  a  result  of  the  conducted  experimental  Lnves  lgatlon.  It  was 
established  that  air-boundary  cooling  of  a  supersonic  nozzle,  in  spite  of  a  series  of 


specific  peculiarities,  has  much  in  common 
with  the  process  of  boundary  cooling  of  a  flat 
plate.  For  instance.  Just  as  in  case  of  cool¬ 
ing  of  a  flat  plate,  increase  of  speed  of 
boundary  flow  leads,  other  things  being  equal, 
to  decrease  of  wall  temperature  of  the  nozzle. 
Increase  of  height  of  the  slot,  with  other 
parameters  retained  constant,  is  accompanied 
by  a  corresponding  lowering  of  wall  temperature 
of  the  thermally  Insulated  nozzle.  From 
Fig.  9.^5  it  follows  that  at  small  flow  rates 
of  air  coolant,  the  wall  temperature  of  the 
thermally  insulated  nozzle  has  a  weakly  pro¬ 
nounced  maximum.  On  the  basis  of  experimental 
investigation,  it  has  been  established  that 
with  change  of  the  angle  of  opening  of  the 
supersonic  part  of  the  nozzle  from  20  to  30°, 
temperature  of  the  wall  is  changed  insignifi¬ 
cantly. 

After  processing  experimental  data  in  dimensionless  parameters,  we  will  obtain 
for  calculation  of  the  maximum  wall  temperature  of  the  nozzle  (during  boundary  cooling) 
the  empirical  formula 

(Tw)mn-Tn  -*•*— 1 rr  (9.171) 

Tn-Tn 

In  Fig.  9.^6  there  are  compared  results  of  calculation  of  the  maximum  temperature 
of  the  wall  of  the  nozzle  by  formula  (9. 171)  with  experimental  data.  From  this  figure 
it  follows  that  formula  (9.171)  can  be  used  for  rough  estimation  of  the  maximum 
temperature  of  the  wall  of  the  supersonic  nozzle  during  boundary  cooling.  It  is 
natural  that  the  region  of  application  of  the  obtained  formula  is  limited  to  the  range 
of  change  of  dimensionless  parameters  in  which  the  experimental  investigation  is 
conducted. 


Fig.  9. ^5.  Wall  temperature  of  a 
supersonic  nozzle  during  boundary 
cooling  (h  «  5.5  mm,  a  =  20°). 
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Fig.  9*46.  Temperature  of  the  wall  during  air-boundary 

cooling. 
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The  method  given  here  makes  it  possible,  with  given  initial  parameters  m,  T  „ 
and  K,  to  determine  temperature  Tw  -  T^/T^  of  the  thermally  insulated  wall  without 
taking  into  account  radiation.  Due  to  radiation  from  the  flame,  the  true  temperature 
of  the  wall  will  be  higher  than  the  found  value  by  same  magnitude  ATW«  In  accordance 
with  assumption  3*  we  will  compose  the  equation  of  heat  balance,  assuming  that  all 
heat  transmitted  from  the  gas  to  the  wall  by  radiation,  is  removed  by  the  convective 
cooling  flow 


hence  we  will  obtain 


(9.172) 


(9.173) 


Disregarding  the  second  term  on  the  right,  we  will  somewhat  overstate  the 
correction.  Passing  over  to  dimensionless  temperatures,  we  will  find  the  final 
formula  for  the  increase  of  wall  temperature  due  to  radiation: 

*"^^‘1'  -(t-)‘(r-+4T*)‘]-  (9-174! 

Equation  (9.147)  is  solved  for  ATW  by  graphic  means  or  by  the  method  of  successive 
approximations.  The  coefficient  of  heat  transfer  a^,  contained  in  formula  (9.174) 
may  be  determined  approximately  by  formula  (9.60).  Then  the  maximum  wall  temperature 
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« 


during  boundary  cooling,  taking  into  account  radiution  1  roin  the  i’lame,  is  determined 
by  the  evident  relationship 

T*m  “  (9.175) 


The  obtained  method  of  calculation  of  boundary  cooling  of  a  flat  wall  can  be 

* 

used  for  calculation  of  boundary  cooling  of  walls  of  an  engine  (axially  symmetric 
problem)  only  in  the  case  when  the  transverse  dimension  of  the  mixing  region  is  small 
t  us  compared  to  the  diameter  of  the  engine.  Otherwise,  it  is  necessary  to  consider 
the  axial  symmetry  of  the  flow. 

The  above  investigation  of  air-boundary  cooling  relates  to  the  case  when  the 
equilibrium  temperature  of  the  hot  flow  retains  a  constant  value  (Tgl  =  const).  In 
reality,  due  to  burnup  of  fuel,  the  temperature  Tg^  increases  along  the  combustion 
chamber,  and  is  approximately  determined  by  the  dependence  (9.21)  .  Let  us  generalize 
the  method  of  calculation  of  air-boundary  cooling  to  the  case  of  variable  temperature 
of  the  hot  flow  Tg^  -  Tg^(x)  *  For  this  we  will  divide  the  whole  length  of  the 
combustion  chamber  into  several  sections  and  replace  function  Tg^(x)  by  a  step  curve 
in  such  a  manner  that  on  each  of  these  sections  the  equilibrium  temperature  has  a 
v  constant  value.  Let  us  assume  that  a  hot  flow  of  constant  temperature  and  speed  flows 
around  each  of  the  obtained  sections.  As  the  height  of  the  equivalent  slot  in  the 

beginning  of  every  section  we  take  the  ordinate  of  the  outer  boundary  y.  at  the  end 

1  - 

of  the  preceding  section.  For  the  following  section,  parameters  m  and  Teg  are 

calculated  according  to  averaged  profiles  of  velocity  and  stagnation  temperature  at 

the  end  of  the  preceding  section. 

Using  relationships  (9.154),  (9.155)  and  (.169),  we  will  obtain  a  formula  for 
calculation  of  the  averaged  parameters: 
for  m  <  1, 

+  (9.176) 

(9.177) 

*  and  for  m  »  1.0, 


(9.178) 


Let  us  illustrate  the  application  of  the  obtained  formulas  in  the  following 
example.  Let  us  assume  that  it  is  required  to  calculate  the  temperature  of  the  wall 
of  the  combustion  chamber  of  a  ramjet  engine  of  length  L  =  1  m  during  'i  ir-boundary 
cooling.  We  will  assume  that  velocities  of  the  cold  and  hot  flows  are  practically 
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equal  (Just  each  a  flow  is  realized  In  the  majority  of  cases  In  practice) ;  then  m  * 

*  1.0.  The  air  coolant  has  a  stagnation  temperature  Te2  -  897°K  flows  from  a  slot 
with  height  of  h  ■  20  mm.  Calculation  of  the  wall  temperature  is  carried  out  with  two 
assumptions j  1)  equilibrium  temperature  of  the  hot  flow  is  constant  over  the  entire 
length  L  and  Is  equal  to  (Te^)max  ■  2200°Kj  2)  equilibrium  temperature  of  the  hot  flow  ; 
Is  changed  according  to  the  step  curve. 

Results  of  calculation  of  wall  temperature  (for  D  »  2  and  Re^  -  10^)  with  differ¬ 
ent  laws  of  change  of  equilibrium  temperature  of  the  hot  flow  are  represented  in 

Fig.  9.47&.  From  this  graph  it  follows  that 

I**!  I  I  I  I  |  I  I  ]  I  I  calculation  of  air-boundary  cooling  at  constant 

Ml - j- - —  = 

m9 _ temperature  Tgl  =  (Tei)max  gives  a  somewhat  higher 

—  value  of  wall  temperature  as  compared  to  the 

a)  ffjffl  I  I  I  I  I  I  I  I 

0  IS  WX  case  of  step  approximation  of  the  burnup  curve. 

r  *>  |  I  |  i  i  |  |  ~  i  i  i — I 

jUj  _ fr+i  *=  Averaging  of  temperatures  by  the  formulas  (9.177) 

rm - —  -  or  (9.178)  leads  to  increase  of  the  temperature 

b)  =  ^  |  |  of  the  cooling  flow  in  the  considered  section 

Fig.  9.47.  Wall  temperature* of  <Tcp  >  V  *  consequently,  the  true  dependence 

“lth  Tw  ■  V*> 

It-Tn-lTtfimm.  •  Let  us  give  the  solution  of  the  second 

•'  “  ll  —  «t«p  approximation  of 

k)-»ff»ot  of  rlufittioB 1  part  of  the  problem  of  air-boundary  cooling  of  f 

a  ramjet  engine.  On  the  basis  of  the  flow  rate 


Fig.  9.47.  Wall  temperature  of 
engine  combustion  chamber  with 
air-boundary  cooling. 

f' rt>—. 

•<  |*~«tap  approximation  of 

»  burnup  ourva  | 
b)-»ffaot  of  radiation 


equation  and  the  momentum  equation,  we  will  find  the  true  value  of  02  (or  m)  at  which 
there  is  realized  flow  in  an  annular  channel  of  height  h  for  given  velocity  head  at 
the  end  of  the  diffuser  (Pqjj)  •  Using  the  flow  rate  equation  (9.85)  for  an  annular 
channel  in  the  section  n-K  (see  Fig.  9.32)  and  considering  assumption  5>  we  will  obtain 


The  momentum  equation  (9.78)  for  an  annular  channel,  in  accordance  with 
assumption  1,  will  take  the  form 


(9.179) 


(9.180) 


where  drag  coefficient  £2  in  dependence  upon  the  range  of  change  of  Reynolds  number 
Re  is  determined  by  formulas  (9.89).  For  x  «*  -Lx,  by  formula  (9.180)  we  will  obtain 


the  reduced  velocity  at  the  inlet  to  the  cooling  channel 


ta&+-j--la*£  -f -U-f -J*J - L_.r 

l!.  iL  *.+  1  Dm.  * 


(9,181) 
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or,  introducing  function  x  (9.87),  we  will  find 

(9.182) 

Using  the  condition  of  equality  of  static  pressures  in  cross  section  x,  we  will  find 


f«i“  A#“Ai  (l  —  • 


(9.183) 


On  the  basis  of  (9.179)  and  (9.183),.  we  will  obtain 


As 


■*-('- tr f-*r- 


1  VH 


(9.184) 


Equations  (9.182)  and  (9.184)  constitute  a  system  of  two  equations  with  two 
unknowns  Xr2  and  X^2<  Taking  a  number  of  values  of  X^,  on  the  basis  of  (9.182)  we 
find  the  corresponding  values  of  Xfl2‘  After  constructing  the  right  and  left  sides  of 
equation  (9.184)  in  dependence  upon  XK2 


ft 


P  r*»t 


(9.185) 


(9.186) 


we  will  find  the  true  value  of  reduced  velocity  X^  at  the  point  of  intersection  of 
these  curves 

ft(y-y«(U- 


(9.187) 


Using  the  definitions  of  reduced  and  critical  velocities,  we  will  find  the 
value  of  parameter  m: 


%  »u  |r  A+i  *  r  * 


(9.188) 


where  k^  —  adiabatic  exponent  for  the  combustion  products; 

Xri  —  reduced  velocity  of  combustion  products  in  section  , 

We  will  apply  the  method  of  calculation  presented  in  the  present  chapter  for 
determination  of  wall  temperature  of  the  combustion  chamber  of  a  ramjet  engine  during 
air-boundary  cooling.  Let  us  assume  that  it  is  required  to  calculate  cooling  of  the 
combustion  chamber  of  an  engine  with  mid-section  »  1.0  m  flying  at  an  altitude 


H  ■  30,000  m  (Tg  -  231. 3°K),  (p2  =  120  kg/m^),  with  velocity  corresponding  to  ^  =  4.0 


(T  -  =  897°K) ,  for  maximum  temperature  in  the  combustion  chamber  (T  .)  =  2200°K. 

CM  C  X  III  cl  y1. 
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In  Fig,  9.48  there  is  given  a  graphical  solution  of  equation  (9.187).  From  this 
solution  we  have  «*  0,465,  Considering  that  *  0.J0  and  that  T0g  «  0.4,  on  the 

basis  of  (9.188)  we  will  obtain  m  «■  1.0.  Assuming 
that  D  *  2,  Re^  -  10^  ana  using  (9.160),  we  will 
find  the  value  of  the  parameter  *»  2.0,  which 
takes  into  account  the  influence  of  the  boundary 
layer  next  to  the  wall.  Using  the  curves  presented 
in  Fig.  9.40e  and  f,  we  will  find  for  the  considered 
example  the  change  of  temperature  of  the  wall 
along  the  combustion  chamber  (Fig.  9.47b).  Con¬ 
sideration  radiation  from  the  flame  by  formula 
(9.17^)  leads  to  a  certain  increase  of  wall 
temperature . 

In  conclusion  let  us  remember  that  the 

proposed  method  of  calculation  of  air-boundary 

Fig.  9.48.  Graphical  solution  cooling  makes  it  possible  to  find  not  only  tempera- 
of  equation  (9.187). 

ture  of  the  wall  of  a  straight -through-flow 
combustion  chamber,  but  also  all  gas-dynamic  parameters  in  the  mixing  region. 
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IIIIHIII 

§  7.  COMBINED  COOLING 

Sometimes  it  is  expedient  to  carry  out  cooling  of  a  ramjet  engine  by  a  combined 
method.  In  this  case,  air  coolant  proceeds  from  the  diffuser  partially  into  the 
annular  channel  (between  the  wall  of  the  combustion  chamber  and  the  outer  shell), 
and  partially  onto  the  inner  surface  of  the  wall  of  the  combustion  chamber  (through 
a  system  of  annular  slots).  This  form  of  cooling  contains  elements  of  both  convection 
and  boundary  cooling. 

In  a  rigorous  solution  of  the  thermal  and  hydraulic  problems  for  combined 
cooling,  there  appear  great  mathematical  difficulties.  This  is  explained  by  the  fact 
that  distribution  of  air  coolant  over  the  loops  depends  on  the  flow  friction  and 
thermal  resistance  of  each  loop,  which  are  unknown  beforehand.  Therefore,  during 
calculation  of  combined  cooling  we  are  usually  limited  to  solution  only  of  the 
thermal  problem.  Thus  we  assume  that  both  flow  friction  and  thermal  resistances 
of  all  loops  are  approximately  identical.  Then  the  flow  rate  of  air  through  the 
loops  is  distributed  proportionally  to  areas  of  the  annular  cross  sections. 

Let  us  give  results  of  investigation  of  the  wall  temperature  during  combined 
cooling  of  a  flat  plate  and  expound  briefly  a  simplified  method  of  calculation. 
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Knowing  the  parameters  m,  Te2,  c2  and  h  (or  hB(j,),*  we  find  by  the  method  presented  in 
§  6j  Chapter  IX,  the  distribution  of  temperature  along  the  thermally  insulated  wall 
during  boundary  cooling 


(9.189) 

* 

— * 

where  T  -  -  relative  temperature  of  the  system  during  purely  boundary  cooling; 

w  iel 

x  —  longitudinal  coordinate,  measured  from  the  slot  along  the  plate. 

During  boundary  cooling  of  a  thermally  insulated  wall,  the  temperature  of  the 

flow  in  the  boundary  layer  adjacent  to  the  wall  is  very  close  to  the  temperature  of 

— * 

the  wall  T  •  Therefore,  as  the  temperature  of  the  hot  flow  during  calculation  of 
convection  cooling,  we  should  take  the  temperature  Tw. 

Let  us  now  consider  convection  cooling  of  a  plate  of  length  Lp  and  width  l. 

We  assume  that  around  the  plate  there  flows  from  one  direction  a  hot  flow  with 
temperature  Tw(x)  =  Te^(x)>  and  from  the  opposite  direction  there  flows  a  cold  flow 

A* 

with  temperature  Te’g(x)  •  Introducing  average  coefficients  of  heat  transfer  and 
cig  and  disregarding  radiation,  on  the  basis  of  (9.47)  and  (9.48)  we  will  obtain  a 
formula  for  calculation  of  the  equilibrium  temperature  of  the  cooling  flow  and  the  wall 
temperature  during  combined  cooling: 


where 
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(9.190) 


(9.191) 


(9.192) 


*If  there  is  considerable  nonuniformity  of  the  field  of  velocities  and  the  field 
of  temperatures  at  the  outlet  from  the  slot  (x  -  0),  then  instead  of  h  there  is  usually 
used  the  effective  height  of  the  slot,  which  is  determined  from  the  following  integrt  1 
condition: 


<r-rj4r 


<r»-T>4r, 


where  u(y)  and  T(y)  are  experimental  profiles  of  velocity  and  temperature  at  x  =  0. 
h^  and  are  values  of  the  transverse  coordinate  y  at  which  there  are  satisfied  the 

conditions  T-j.  =  T(hj_)  and  T2  =  T(h2)> 


The  average  coefficient  of  heat  transfer  from  combustion  products  to  a  flat  wall 


on  the  basis  of  (9.7)  for  Pr  -  0,625  (see  §  i)  has  the  form 


?,  .0,0308  A 


Considering  the  equation  of  state,  we  will  obtain 


e,»00308-ii-/  .W-b  \ 
4  \ 


(9.193) 


(9.194) 


where  physical  parameters  of  the  gas  flow  (X^  and  p^)  are  determined  according  to 
the  average  thermodynamic  temperature 

T,-h~  ,  (9.195, 

where  T^fO)  -  Tefl. 

On  the  basis  of  (9.14),  for  Pr  -  0.7  (see  §  1),  the  average  coefficient  of  heat 


transfer  from  the  wall  to  the  cooling  flow  is  determined  by  the  formula 


0,0199 


(9.196) 


Heating  of  air  in  the  cooling  channel  is  comparatively  small;  therefore,  we 
can  use  the  thermodynamic  temperature  as  the  determining  temperature  in  the 

first  approximation. 

On  the  basis  of  (9.194)  and  (9.196),  we  will  obtain 


«w  ~  /.*•«-—»  \0.» 
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(9.197) 


Very  frequently  in  practical  calculations,  the  heating  of  the  air  in  the  cooling 
channel  turns  out  to  be  small.  In  this  case  '.he  determining  temperature  of  the  ait- 
coolant  is  practically  equal  t.o  the  temperature 

T* const 

and  the  fundamental  working  formulas  (9,191)  and  (9.197)  are  considerably  simplified: 


<*>  +  -?•  17 


Tm  W- 


1+-* 


(9.198) 


-  j;  l  W  Vft  is  “  i  ) 


(9.199) 


where  X5  and  p5  are  determined  according  to  the  temperature  T  . 

c.  d  Gil 


i  i  '  I  .  .  r» 

,  k  m*  m, 
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The  ratio  of  characteristic  velocities  of  the  cold  and  hot  flows  is  a  certain 
function  of  the  parameter  m: 

4-  -/(*).  (9.200) 

% 

Let  us  take  for  this  function  the  exponential  expression 


-—of. 


(9.201) 


Choosing  constants  c  and  e  from  the  condition  of  best  agreement  between  theoreti¬ 
cal  and  experimental  values  of  the  wall  temperature  during  combined  cooling,  we  will 
obtain 

0,M m*4*.  (9.202) 

«i 

On  the  basis  of  (9.199)  and  (9.202),  we  will  find  the  final  formula  for  the 
ratio  of  averaged  heat  transfer  coefficients: 


(9.20?) 


Let  us  give  results  of  comparison  of  experimental  and  calculated  values  of 
temperature  of  the  plate  during  combined  cooling  (Fig.  9.49).  From  this  graph  it 

follows  that  results  of  calculation  satisfacto¬ 
rily  agree  with  experimental  data  in  the  whole 
investigated  range  of  the  parameter  m  (0.476  s 
s  m  *  1.052)  and  during  change  of  longitudinal 
coordinate  x  from  0  to  255  mm.  Comparison  of 
theoretical  and  experimental  data  indicates 
that  the  proposed  method  of  calculation  of  the 
temperature  of  the  wall  during  combined  cooling 
can  be  used  for  calculations. 


§8.  THE  LIMITS  OF  APPLICABILITY  OF  AIR 
COOLING  OF  COMBUSTION  CHAMBER 
AND  NOZZLE 


Fig.  9.49.  Wall  temperature  dur¬ 
ing  combined  cooling. 

-  theory 

□  Ox  —  experiment. 


Symbol « 

□ 

O 

X 

m 

0.476 

0.676 

1.061 

> 

0.166 

0.016 

0.361 

0.016 

0.167 

5 

— 

*,5 

4.0 

4.1 

4.8 

On  the  basis  of  the  proposed  methods  of 
calculation,  it  has  been  established  that  dur¬ 
ing  the  use  of  heat-resistant  materials,  air  cooling  ensures  the  necessary  thermal 
stability  and  high-temperature  strength  of  straight -through-flow  combustion  chambers 
to  speeds  corresponding  to  quite  large  Mach  numbers.  This  result  has  been  confirmed 
by  experimental  data  on  thermal  stability  of  high-temperature  combustion  chambers. 


FTD-MT -65-78 
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Further  Increase  of  speeds  of  flight  leads  to  a  case  in  which  t  j  stagnation 
temperature  of  the  incident  flow  becomes  higher  than  the  maximum  permissible  tempera¬ 
ture  of  present-day  structural  materials,  and  air  cooling  without  preliminary  lowering 
of  temperature  of  the  air  becomes  impossible. 

The  most  promising  methods  of  cooling  and  thermal  protection  of  ramjet  engines 
in  this  case  are  considered  to  be: 

1)  air  cooling  with  preliminary  lowering  the  the  air  temperature  in  some 
thermodynamic  cycle; 

2)  liquid  cooling; 

3)  thermal -protective  coatings; 

4)  various  combined  methods. 
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